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Abstract 
The reprocessing of used nuclear fuel to recover the fissile materials generates off 
gases including radioactive nuclides namely 3H (tritiated water, H3HO), 129I, 85Kr, 135Xe, 
and 14C. Due to its high quantity in off-gas streams and long half-life (1.59 million years), 
129I removal from the off-gas streams is a significant objective of off-gas treatment.    
129I retention by solid adsorbents was recognized a better strategy in comparison to 
liquid scrubbers due to the simplicity of system design and low cost. Among the studied 
adsorbents, reduced silver-exchanged mordenite (Ag0Z) was widely recognized as the 
state-of-art adsorbent for iodine removal. It has been selected to be used in the Hanford 
Treatment and Immobilization Plant in Washington State, US, to control releases of the 
radioactive iodine in off-gases of spent nuclear fuel reprocessing facilities.  
Previous studies have shown the outstanding performance of Ag0Z for adsorption 
of both molecular iodine and organic iodide. However, the detailed adsorption kinetics of 
I2 on Ag
0Z was never reported. Therefore, this study included determining the adsorption 
dynamics of I2 adsorption on Ag
0Z through continuous -flow experiments and data 
analyses by kinetic models. Mass transfer, diffusion and reaction processes involved in the 
adsorption process were evaluated. 
In addition, one issue that has to be addressed when using Ag0Z for iodine removal 
is the potential co-adsorption of other gas species, among which is H2O vapor. Mordenites 
have been shown to have a considerable adsorption capacity for H2O vapor, which is also 
a major component in the off-gases of spent nuclear fuel reprocessing facilities. Therefore, 
understanding the kinetics of H2O vapor adsorption on Ag
0Z is necessary for a better design 
of off-gas treatment systems. The kinetics and equilibrium of H2O adsorption on Ag
0Z 
were studied. Uptake curves and isotherms were obtained at temperatures from 25 to 200 
oC. Data were analyzed by kinetic and isotherm models, and parameters related to the 
adsorption kinetics and thermodynamics were determined.   
Moreover, the co-adsorption on I2 and H2O on Ag
0Z were studied. Co-adsorption 
uptake curves were obtained to determine the performance of Ag0Z in humid gas streams 
and effect of H2O concentration on the capacity of Ag
0Z for I2 adsorption. It was found that 
H2O vapor in the gas stream deactivated the iodine adsorption sites (Ag particles) in Ag
0Z. 
The deactivation mechanism was determined by chemical analyses with XRD and SEM-
EDX.  
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Chapter 1. Introduction* 
Nuclear power, as clean energy, has significant advantages comparing to fossil 
fuels in terms of low carbon emissions and high sustainability.1-2 Although it is a mature 
technology and contributes a great portion to the total power generation in many countries 
such as France and Belgium, the development of nuclear technology never stops. It has 
been a major objective in electricity production for more and more countries. In the United 
States, there are more than 100 nuclear power statements in operation, and the energy 
generated shares about 20% of the total energy used by the country.3  
The fission reaction of uranium in a nuclear power reactor results in numerous 
radioactive products which are subsequently mixed with the unreacted uranium as spent 
nuclear fuel.  Instead of long-term storage, the spent nuclear fuel can be reprocessed, and 
the recovered fuel can be fed back to the fuel cycle. Through reprocessing, fissile materials 
such as uranium-235, plutonium-239 and minor actinides of high value can be retrieved for 
subsequent nuclear energy production.4-5 During the head-end reprocessing processes as 
shown in Figure 1-1, several volatile radioactive nuclides including 129I, 3H, 85Kr, 135Xe 
                                                 
* Permission granted by American Chemical Society and John Wiley and Sons to use the text of 
published articles 63,88,122 in this chapter.  
66. Nan, Y.; Ladshaw, A. P.; Yiacoumi, S.; Tsouris, C.; DePaoli, D. W.; Tavlarides, L. L., Co-adsorption of 
I2 and H2O on Ag0Z and Kinetics of Silver-Iodine Reaction. In 2016 ANS Anual Meeting, Transactions of 
the American Nuclear Society, New Orleans, LA, 2016; Vol. 114, pp 165-166. 
88. Nan, Y.; Tavlarides, L. L.; DePaoli, D. W., Adsorption of iodine on hydrogen-reduced silver-exchanged 
mordenite: Experiments and modeling. AIChE Journal 2017 63 (3), 1024–1035. 
122. Abney, C. W.; Nan, Y.; Tavlarides, L. L., X-ray Absorption Spectroscopy Investigation of Iodine 
Capture by Silver-Exchanged Mordenite. Industrial & Engineering Chemistry Research 2017, 56 (16), 4837-
4846. 
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and 14C release into the off gases and require further management to prevent uncontrolled 
environmental release.4, 6   
3 
  
 
Figure 1-1. Head-end processes of spent nuclear fuel reprocessing and off-gas treatment systems.7 
4 
  
Radioactive iodine is a primary volatile radionuclide released in the off-gas streams 
of spent nuclear fuel reprocessing facilities.8-13 The adverse impact on human health and 
long decay half-life (15.7 million years) make the removal and immobilization of gaseous 
129I crucial. The U.S. Environment Protection Agency (EPA) and Nuclear Regulatory 
Commission (NRC) have issued regulatory emission limits for radioactive elements. 
According to the US Code of Federal Regulations (CFR) Title 10 Part 20 and Title 40 Part 
190,14-15 the release limit for 129I from a LWR fuel cycle is 1.9x108 Bq/Gw(e)year, which 
requires the decontamination factor (DF)- the ratio between initial and final radioactivity 
following a separation - to be at least 200 before off-gas streams are exhausted to the 
environment.7, 16 It is noted that with a half-life of 16 million years it will be a challenge 
that has to be considered when designing the strategy for disposal as described by Burger 
and recently by Jubin. 17-18 
Liquid scrubbing systems using caustic solution, nitric acid or Mercurex solution 
have been considered for capturing iodine, 19-22 but shortcomings exist. These systems are 
capable of removing iodine at high concentrations but are less efficient with dilute streams 
which could be as low as 0.1 – 0.5 ppm.23-25 Additionally, the corrosive systems require 
acid or alkaline resistant constructions and complicated procedures for solution disposal, 
especially for the IODOX process which uses essentially 100% nitric acid for oxidation of 
organic iodides and hydrolysis-oxidation of free iodine to the stable iodate form. 
Using solid adsorbents to remove gaseous iodine can avoid the complication in 
system design and high maintenance costs. Studies on activated carbon, macro reticular 
resins, silver impregnated alumina silicates, silver nitrate impregnated silicic acid (AC-
6120) and silver exchanged molecular sieves have shown potentials as alternatives to liquid 
5 
  
scrubbers.25-36 However, not all of these adsorbents are good options for iodine retention 
under off-gas conditions. For example, activated carbon does not perform well at high 
temperatures as it has a relatively low ignition point, and it loses iodine adsorption capacity 
with the presence of NO and NO2 in off-gas streams. Also, the reaction of carbon with NOx 
may form unstable and explosive compounds which are entirely undesired.22, 35  Although 
recent literature showed good performances of emerging materials such as chalcogels,37-40 
metal-organic frameworks,41-46 metals supported on Engelhard titanosilicate,36, 47-49 and 
nanostructured inorganic adsorbents,50-52 reduced silver-exchanged mordenite (Ag0Z) was 
widely recognized as state-of-art for iodine retention.6, 53-54 Mordenite is high in silicon-
aluminum ratio (typically 5:1), and therefore is thermally stable at high temperatures and 
resistant to acidic off-gas streams. Even though studies33, 55  have shown the existence of 
other chemical forms in addition to the primary form (AgI) when iodine is adsorbed into 
Ag zeolites, the stronger Ag-I chemical bond makes AgZ preferred over adsorbents that 
adsorb iodine molecules physically.  
The adsorption of molecular iodine (I2) on Ag
0Z has been studied since the 1970s, 
and results have demonstrated the high capacity of Ag0Z for adsorbing I2 in dry air 
streams.56-61 However, the micro-scale adsorption process and detailed kinetics remain 
unexplored.  There are no data available on the kinetics of I2 adsorption on Ag
0Z, which 
are important for the thorough understanding of the adsorption mechanisms and model 
development for simulating the off-gas treatment units in spent nuclear fuel reprocessing 
facilities. Accordingly, the objective of this study included determination of the kinetics on 
a micro-scale and shortened the data gap in the open literature. 
6 
  
The real off-gas streams include several other gas species, and the adsorption of 
iodine on Ag0Z would proceed with the co-adsorption of other gases. One issue that has to 
be addressed when using Ag0Z for iodine removal is the potential co-adsorption with 
tritiated H2O vapor, which is the most abundant components in the off-gas streams. Ag
0Z 
has been shown to have a considerable adsorption capacity for H2O in gas phases, and 
previous co-adsorption studies of iodine and H2O vapor have demonstrated that the 
presence of H2O vapor influences the performance of Ag
0Z for iodine adsorption.62-66 
Therefore, it is crucial to understand the co-adsorption process of iodine and H2O for better 
design of off-gas treatment systems using Ag0Z. To understand the co-adsorption, the 
adsorption process of each single component needs to be first determined. Thus, in addition 
to I2 adsorption, H2O adsorption on Ag
0Z was also studied in this work, and finally, the co-
adsorption of I2 and H2O on Ag
0Z were investigated. 
In addition, this study was also conducted to support the development and 
verification of models for the off-gas treatment systems. Efforts are being made by the U.S. 
Department of Energy (DOE) Fuel Cycle Research and Development (FCR&D) on 
developing a dynamic plant-level modeling and simulation toolkit to support the 
development of sustainable nuclear fuel systems. The toolkit will include a unit operation 
model to simulate the adsorption processes of the off-gases by columns of solid 
adsorbents.23 A complex model has been preliminarily developed to predict the adsorption 
processes for single and multi-component in the adsorbent columns, which requires the 
input of the parameters related to the adsorbents properties and adsorption kinetics and 
equilibrium, as well as experimental adsorption data to validate the model. 67  This requires 
fundamental laboratory studies to determine the properties of the adsorption system and 
7 
  
collect adsorption data of kinetics and equilibrium. Previous work has shown good 
examples of modeling development and validation supported by experimental studies.   
Towards the objectives mentioned above, I2 and H2O adsorption were 
systematically studied, respectively, via adsorption experiments with single-layer Ag0Z 
pellets in continuous-flow adsorption systems of high precision. Kinetic and equilibrium 
data of I2 and H2O adsorption on Ag
0Z were obtained at wide ranges of conditions that 
covered the potential operating conditions of the off-gas treatment systems. Adsorption 
mechanisms were determined using different material characterization techniques.  
Kinetics of the adsorption process work studied with various models that describe the inter-
crystalline and intro-crystalline mass transfer process. The rate controlling factors and 
parameters associated with the adsorption processes were determined. Adsorption 
equilibria were analyzed with isothermal models, and thermal dynamic parameters were 
obtained. In addition, co-adsorption of H2O and I2 were studied experimentally. The impact 
of H2O vapor in the gas stream on the I2 adsorption capacity of Ag
0Z were determined. 
Mechanism of the co-adsorption was also assessed.  
  
8 
  
Chapter 2. Literature Review 
2.1. Performance of Ag0Z for Iodine Adsorption  
The retention of radioactive iodine (129I) by solid adsorbents has been investigated 
for decades. Experimental and analytical results in numerous studies have shown that Ag0Z 
is the most outstanding adsorbent for iodine removal from used nuclear fuel processing 
off-gases.  It has been selected to be used in the Hanford Treatment and Immobilization 
Plant in Washington State, US, to control releases of 129I in off-gases of spent nuclear fuel 
reprocessing facilities.55, 61, 68  
Staple et al.56 and Thomas et al.57 first investigated the I2 adsorption capacity of 
both reduced and unreduced AgZ via column tests. Results showed that the reduced Ag0Z 
performed better than the unreduced AgZ. A 17 wt.% of I2 loading capacity was achieved 
at the optimal adsorption temperature of 150 oC with the Ag0Z containing 20 wt.% of Ag. 
The consequent regeneration tests indicated that the I2 capacity could be well maintained 
for after a 13-recycle test, and 20 % capacity loss was observed at the 14th cycle.  
Jubin69, in 1980, studied the adoption of methyl iodide (CH3I), the second abundant 
volatile iodine species in off-gas streams, on Ag0Z. It was found that Ag0Z has a weaker 
adsorption capacity for CH3I, 3.4 wt.%, than I2. Kinetics of CH3I on Ag
0Z pellets was 
determined in his later study.70 Via analyses with kinetic models including the shrinking 
core model, volume reaction model, and micropore/macropore diffusion models, the 
adsorption process of CH3I on Ag
0Z pellets was found to be a macropore diffusion 
controlling process. The macropore diffusivity of CH3I in Ag
0Z pellets was determined.  
9 
  
Since then, numerous studies have been conducted on iodine (I2 and CH3I) 
adsorption by Ag0Z 7, 10, 23-25, 32-33, 60-62, 71-102. The adsorption tests mainly focused on 
evaluating the performances of Ag0Z deep beds (columns) under off-gas conditions. 
Experiments were performed with high gas velocity around 10 m/min (real off-gas streams 
are expected at high gas velocity) with iodine concentrations ranged between 40 ppb to 
~80 ppm at various temperatures. The concentration of the iodine species in the off-gas 
steam varies with generating source. The off-gases generated from the Dissolution process 
(Figure 1-1) has much higher iodine concentration (ppm level) than that from the 
Voloxidation process (ppb level). Results indicated that Ag0Z columns were able to achieve 
the DF (decontamination factor- the ratio between initial and final radioactivity following 
a separation) required by the regulatory requirements. The optimal adsorption temperature 
for I2 and CH3I on Ag
0Z was found to be 150 oC. 
It was noted that, in the previous studies mentioned above, the reduction conditions 
for reduction of AgZ varied. The AgZ was reduced in a hydrogen stream at temperatures 
between 150-500 oC for a period ranged from hours to days. For instance, in the study by 
Thomas et al.,57 Ag0Z was prepared by reducing AgZ (Ag content: 20 wt.%) at 500 oC for 
24 hours. The same reduction conditions were used by Scheele et al.61 In comparison, Ag0Z 
(Ag content: 9.5 wt.%) used in the study by Bruffey et al.79 was reduced at 170 oC for ten 
days. The different reduction conditions could be due to the differences in Ag content and 
possible physical/chemical differences between the adsorbents.  
2.2. Mechanism of AgZ Reduction and I2 Adsorption  
Zhao et al.103 studied the mechanism and kinetics of Ag0Z reduction in hydrogen 
streams using the in situ pair distribution function (PDF) methods. They reported the 
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formation of Ag nanoparticle inside the channels and on the surfaces of the mordenite 
crystals. According to the modeling results, the formation of Ag nanoparticles occurs in 5 
steps: 1) Ag+ are reduced to Ag0 in the 8-member ring (MR) pores and 12 MR channels at 
different rates; 2) the Ag0 in the 8 MR migrates to 12 MR channels; 3) Ag0 forms clusters 
in the 12 MR channels; 4) the Ag0 clusters in 12MR channels migrates to the external 
mordenite surface; and 5) Ag0 clusters aggregate into nanoparticles. By comparing the PDF 
data at different reduction temperatures between 130 – 227 oC and periods up to 12 hours, 
they found that the amount and size of the nanoparticles increased with reduction 
temperature and time.  
The mechanism for I2 adsorption on Ag
0Z was investigated by Chapman et al. 
through a differential pair distribution function (d-PDF) study.49 They reported that I2 was 
chemically adsorbed by the Ag particles on Ag0Z via formation of AgI. By analyses of the 
crystalline structure of the products, it was found that the silver-iodine reaction at the 
surface of the Ag0Z crystals mainly formed γ-AgI (in a cubic zincblende type structure) 
while that at the inside of the crystals formed α-AgI (in a face-centered cubic structure). 
The nanoscale AgI product showed different polymorphic forms to the bulk AgI, which 
presents preferentially in α-AgI form at temperatures below 147 oC.104 The particle size of 
the α-AgI in the crystal channels was estimated ~7 Å, consistent with the pore apertures in 
mordenite. It was proposed that α-AgI formed inside the channels support affording 
stabilization of the phase at lower temperatures.   
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2.3. Adsorption of H2O in Mordenites 
The adsorption of H2O on mordenites has been extensively studied.
63-64, 105-113 
Chibani et al.64 investigated the adsorption of H2O and iodine (I2/CH3I) in different cation-
exchanged mordenites including H+, Na+, Cu+ and Ag+ via density functional theory (DFT) 
studies. They found that, for Ag and Cu mordenites (AgZ and CuZ), H2O was adsorbed 
preferentially in the small channels (5Å) or the side pockets of mordenite crystals while 
iodine preferred the large (main) channels (7Å). Note that the AgZ studied was unreduced, 
which had Ag+ in the mordenite structure. In contrast, for H modenite (HZ), H2O is always 
much more strongly adsorbed than ICH3 and I2 in both main and small channels, as well as 
side pockets. That means H2O is preferentially adsorbed into HZ over the iodine species. 
Chibani and co-workers105 recently extended the DFT study to divalent cation (Cu2+, Pb2+, 
and Hg2+)-exchanged mordenites for adsorption of   I2, ICH3, H2O, CO, ClCH3, and Cl2. 
The interaction energy of the adsorbates to the mordenites was evaluated and compared.   
Similar results were obtained by Diaby106 and Devautour et al.107 through 
determination of the cation-surface interaction energy of NaZ for H2O adsorption and 
localization of H2O and Na
+ in NaZ by thermally stimulated current measurement. The 
surface energy variation during the adsorption of H2O on NaZ was measured using 
dielectric relaxation by Dauillard et al.108 Results showed that the extraction energy (in eV) 
deduced from the dielectric measurement decreased as the adsorbed quantity of H2O (in 
mol per unit cell) increased. 
Kawamura et al.109 compared the adsorption of H2O and hydrogen on different 
cation-exchanged mordenites including Mn-, Fe-, Ni-, Cu-, Pd-, and Ag mordenites for use 
to tritium recovery systems.  AgZ showed a fairly large adsorption capacity of hydrogen 
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isotopes at -196 oC in comparison with Ca–MOR or MS5A, and a maximum H2O 
adsorption capacity of ~18 wt.% at 25 oC. 
2.4. Co-adsorption of H2O and I2  
Tritium as in tritiated H2O release in nuclear fuel processing off-gases, along with 
the other radioactive species, can be efficiently removed from off-gas streams using 
molecular sieves, specifically of the 3A type (3AMS). Studies have demonstrated the 
excellent capability of 3AMS for H2O adsorption, up to a 23 wt.% maximum equilibrium 
capacity. The isotherms and kinetics of H2O adsorption on MS3A were reported by Lin et 
al. 114-116 Breakthrough curves of H2O on 3AMS column was obtained by Spencer et al.
77 
However, in the off-gas treatment system, radioactive iodine can be co-adsorbed on the 
3AMS,117 elevating the low-level tritium waste to a high-level waste, which makes the 
tritium treatment process complicated. This raises a issue that iodine and H2O co-adsorb 
on Ag0Z, and the co-adsorption of H2O may impact the iodine absorption performance of 
Ag0Z. 
Spencer and co-works proposed a co-adsorption system for iodine and H2O in a 
test-plan report.77 AgZ columns followed by 3AMS columns were designed to remove 
iodine and H2O in sequence from the synthetic off-gas stream. The proposed system 
included a minimum of two Ag0Z columns such that one column is in service for iodine/ 
H2O adsorption while the other column is in a desorption or replacement mode. A similar 
design was proposed for the 3AMS column. Unfortunately, the test results were not 
available to the public. The test report was cited in their later work. 62 
Nan et al.65-66 later reported the co-adsorption I2 and H2O on Ag
0Z. The presence 
of H2O vapor in the gas stream had a significant adverse impact on the I2 adsorption 
13 
  
capacity of Ag0Z. For instance, a ~40% I2 adsorption capacity decrease was observed when 
co-adsorbed with H2O at 150
oC in a humid gas stream of dew point -16oC. More significant 
impacts were found at higher H2O concentrations of the gas streams. The results also 
showed that the I2 capacity was impacted by the strongly adsorbed H2O, the H2O does not 
desorb from Ag0Z in dry air purging, which implied that the reduction of I2 adsorption 
capacity was due to a deactivation of I2 adsorption sites. However, the detailed deactivation 
mechanism was not clear. 
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Chapter 3. Experimental† 
3.1. Materials 
The IONEX-TYPE AgZ (Ag-900 E16, Lot# 111515-1) was purchased from 
Molecular Products, Inc. The AgZ pellets are cylindrical extrudates with an average 
diameter of 1.6 mm as indicated by the supplier. It was manufactured with a highly acid-
resistant binder (aluminosilicate). The actual size of the pellets as received distributed 
between 10 and 16 mesh and was further narrowed down with a 12-mesh stainless steel 
screen to 1.8 mm (average equivalent spherical diameter). The diameter was obtained by 
calculating the diameter of a sphere of equivalent volume to the cylindrical AgZ pellet.  
The Ag0Z was prepared by reduction in 4% H2 /96% Argon.  
The physical properties and characteristics of the Ag0Z reduced at optimal 
conditions are shown in Table 3-1. The average silver content as indicated by the supplier 
was 11.9 wt. %, which is 12.0 wt.% (1.10 mmol Ag/g) on a dry basis, and the result of the 
inductively coupled plasma optical emission spectrometer (ICP-OES) performed in this 
study indicated the approximate formula of Ag4.09H4.12(AlO2)8.21(SiO2)43.26 ·xH2O. A trace 
amount of Na, Ca, K and Fe were also detected by ICP-OES, which could be introduced 
                                                 
† Permission granted by American Chemical Society and John Wiley and Sons to use the text of 
published articles63,88,122 in this chapter. 
63. Nan, Y.; Lin, R.; Liu, J.; Crowl, T. B.; Ladshaw, A.; Yiacoumi, S.; Tsouris, C.; Tavlarides, L. L., 
Adsorption Equilibrium and Modeling of Water Vapor on Reduced and Unreduced Silver-Exchanged 
Mordenite. Industrial & Engineering Chemistry Research 2017, 56 (28), 8095-8102. 
88. Nan, Y.; Tavlarides, L. L.; DePaoli, D. W., Adsorption of iodine on hydrogen-reduced silver-exchanged 
mordenite: Experiments and modeling. AIChE Journal 2017 63 (3), 1024–1035. 
122. Abney, C. W.; Nan, Y.; Tavlarides, L. L., X-ray Absorption Spectroscopy Investigation of Iodine 
Capture by Silver-Exchanged Mordenite. Industrial & Engineering Chemistry Research 2017, 56 (16), 4837-
4846. 
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during the manufacturing process as impurities. In theory, if the 12.0 wt. % (1.10 mmol 
Ag/g) of silver was reacted with I2 completely through the reaction 2Ag + I2 → 2AgI to 
form AgI, the theoretical maximum I2 adsorption capacity of the Ag
0Z would be 14.1 wt. % 
(1.10 mmol I /g). It is noted that before reduction Ag is mainly in the crystalline framework 
of AgZ as Ag+x (AlO4)
-1
x (SiO2)5x and that after reduction in hydrogen at 673 K for 24 
hours or more severe conditions, Ag was shown to be reduced to Ag0 by XRD and XAFS 
analysis.51-53 In addition, cylinder gases including compressed air, N2, and 4% H2 /96% Ar 
mixture used in this study were purchased from Airgas Inc. 
 
Table 3-1. Physical properties of Ag0Z. 
Property/Characteristic Value 
Silver content  11.9 wt. % 
Moisture in AgZ as received 1.2 wt.% 
Theoretical maximum iodine capacity  14.0 wt.% 
Diameter of cylindrical pellet 1.6 mm 
Equivalent spherical radius, Ra  0.9 mm 
Radius of microparticles, Ri  1.14 μm 
Bulk density of pellet, ρp  1.87 g/cm3 
Real density, ρr 3.057 g/cm3 
Porosity of pellet, εp 0.384 
BET surface area, S  178.9 m²/g 
t-plot micropore volume, vi  0.077 cm³/g 
 
3.2. Experimental Setup and Procedure 
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3.2.1. Reduction of AgZ 
The decrease of AgZ to Ag0Z was realized with a simple experimental setup as 
shown in Figure 3-1. The AgZ pellets were loaded into the glass reduction column (I.D. = 
3cm) and dried with a N2 flow (500 ml/min) at the desired temperature. The gas stream 
was preheated by passing through the glass coils outside the reduction column. Then 4% 
H2 /96% Argon flow was passed through the column for reduction. The reason for using 
4% H2 was that the lower explosive limit (LEL) for H2 was 4%. When the reduction was 
finished, the pellets were purged with N2 again for another 4 hours to remove the residual 
H2 inside the pellets, and then were cooled down in the column with the continued N2 
purge. Wide ranges of reduction temperatures (170 – 500 oC) and reduction times (24 -336 
hours) were studied to determine the optimal reduction conditions.  
 
 
 
Figure 3-1. Experimental setup for reduction of AgZ. 
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3.2.2. Batch experiments 
To determine the optimal reduction conditions, a batch experimental system was 
used to compare the capacity of Ag0Z reduced at different conditions. As shown in Figure 
3-2, two sealed glass bottles were used as the batch container. Inside each bottle, there was 
a container for I2 solids and four screen trays suspended on the lid for holding Ag
0Z samples. 
The air in the bottles was ambient air, and the bottles were placed in the laboratory at a 
constant temperature of 22 oC, so the two systems had unique humidity and temperature. 
Bottle 1 was I2-free, while Bottle 2 was loaded with I2 solids. Before batch experiments, 
the Ag0Z samples were degassed using an ASAP 2020 Physisorption Analyzer under 
vacuum at 200 oC for 8 hours to remove residual H2O prior to the experiments. Samples 
were weighed initially and loaded onto the screen trays in Bottle 1 for pre-equilibration 
with H2O (moisture in the air). They were weighed every 24 hours until no further weight 
gain was observed, and then were transferred to Bottle 2 for I2 adsorption.  
  
18 
  
 
 
 
 
Figure 3-2. Batch experimental setup for comparing the capacities of Ag0Z reduced at 
different conditions. After Ag0Z were pre-equilibrated in Bottle 1, they were transferred 
to Bottle 2 for I2 adsorption. 
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3.2.3. Continuous-flow adsorption experiments 
3.2.3.1. I2 adsorption 
Two continuous-flow iodine adsorption systems were designed and constructed. A 
schematic diagram of one system is shown in Figure 3-3. Each of the systems was 
comprised of an iodine generation unit, a microbalance unit, a furnace and a data 
acquisition system. I2 vapors were generated by the dynacalibrators (VICI, Model 450 and 
500). By varying the temperature of the dynacalibrator and flow rates of the carrier and 
dilution streams, the concentrations of I2 in the gas stream were precisely controlled. A 
microbalance with a sensitivity of 0.1 μg was used in each system to measure the mass 
change of adsorbents during the adsorption process. It was connected to a data acquisition 
unit, which had a designed program to record the data at desired time intervals.  A stainless-
steel screen tray inside a glass adsorption column was suspended from the microbalance 
and loaded with a single-layer of Ag0Z pellets. The glass column (I.D.: 30mm) was 
wrapped with glass coils, through which the flowing gas stream was pre-heated. There 
were two thermocouples at both inside and outside of the column to ensure the gas was 
preheated to the desired adsorption temperature.  A furnace with an accuracy of 0.1 oC was 
used in each system for desired temperatures. Photographs of the I2 adsorption systems and 
details of the adsorption column and the screen tray with Ag0Z loaded are shown in Figure 
3-4. 
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Figure 3-3. Schematic diagram of the continuous-flow I2 adsorption system. 
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Figure 3-4. Photographs of the iodine adsorption systems. (1). Dynacalibrator; (2). Microbalance; (3). Furnace; (4). Temperature 
controller; (5). Data collection system; (6). Adsorption column with preheating coil inside the furnace; (7). Stainless steel screen tray 
with Ag0Z loaded.
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Continuous-flow adsorption experiments were conducted at wide ranges of 
conditions. The gas flow rate studied was between 0.25 to 2 L/min, and the corresponding 
gas velocity passed through the adsorption column was between 0.55 to 4.4 m/min. About 
0.2 g Ag0Z pellets were carefully loaded not to touch one another. Before I2 adsorption, the 
pellets were pre-equilibrated in cylinder dry air (with dew point of -70 oC) at desired 
experiment conditions. Then I2 vapor was introduced into the dry air stream and then the 
total flow rate was adjusted to maintain the same value as before. Desorption experiments 
subsequently followed by stopping the I2 vapor from the gas stream. Consequently, the 
physisorbed I2 was desorbed.   
3.2.3.2. H2O adsorption 
The H2O adsorption isotherms were obtained with a continuous-flow adsorption 
system similar to the iodine adsorption system. As shown by the diagram in Figure 3-5, 
The system included a H2O vapor generation unit which was capable of generating humid 
gas streams with a dew point ranging from -70 to 20 oC, a heating unit with a working 
capacity of 25 to 300 oC, an analytical microbalance with a sensitivity of 0.1 μg, and a 
programmed data acquisition system. A screen tray, as illustrated in Figure 3-5, was 
suspended on the microbalance head and placed inside a glass column (I.D. = 3 cm). 
Instead of a dynacalibrator, a H2O bath with a bubbler was used for generating H2O vapor. 
The desired H2O vapor concentration was controlled by manipulating the flow rates of 
gases and the temperature of the H2O bath. In addition, the dew point of the carrier gas was 
monitored by an onsite dew-point meter to ensure constant concentrations of H2O vapor in 
the gas flow throughout the experiments. The rest part of the system was the same to the 
iodine systems.
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Figure 3-5. Schematic diagram of the continuous flow water adsorption system.  
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H2O adsorption experiments were performed with a single-layer of Ag
0Z (also 
AgZ) pellets at a wide range of conditions. Before adsorption, about 0.2 g pellets were 
degased using the ASAP 2020 Physisorption Analyzer under vacuum at 250 oC for eight 
hr to remove the residual moisture in the pellets. When the desired adsorption conditions 
were established, the dried pellets were carefully loaded onto the screen tray suspended 
inside the adsorption column.  
The adsorption experiments were conducted at 25, 40, 60, 100, 150, and 200 oC 
over dew points from -59 oC to 20 oC. Kinetic data of H2O adsorption on Ag
0Z were 
obtained with a gas flow rate of 1000 ml/min, while, for equilibrium data, the gas flow rate 
was set at 500 ml/min.   
 
3.2.3.3. I2 / H2O co-adsorption 
I2 - H2O co-adsorption experiments were performed the iodine adsorption system 
by adding a H2O vapor streamline into the system as shown in Figure 3-6. The 
experimental procedures were similar to those for I2 and H2O adsorption.  
25 
  
 
Figure 3-6. The modified adsorption system for I2 - H2O co-adsorption. 
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3.3. Analytical Techniques 
ICP-OES 
The Ag0Z samples were analyzed using a Thermo iCAP 650 inductively coupled 
plasma optical emission spectrometer (ICP-OES) at the ultra-trace preparation laboratory 
of Research Triangle Institute, NC. The content of silver (Ag), sodium (Na), silicon (Si), 
aluminum (Al), iron (Fe), calcium (Ca), and potassium (K) were determined. The testing 
procedures as indicated by the researcher was stated as follows.  
The sample preparation was conducted using two methods: 
The first preparation method involved the grinding of samples into powder form 
using a mortar and pestle, a nominal 200mg aliquot of each sample was weighed into an 
acid-leached extraction tube. Nitric and Unisolve (70% HCl, 30% HF v/v) acids, 0.50 mL 
and 3.00 Ml, respectively, were added and the samples were placed in a graphite block 
digestion unit at 1100 0C for 480 minutes. The samples were then cooled, brought to a final 
volume of 50mL, capped, and vortex mixed. This method was designed to allow for the 
analysis of Na, Si, Al, Fe, Ca, and K. 
A second preparation method utilized a nominal 50 mg aliquot of each sample in 
its ground powdered form, which was weighed into an acid-leached extraction tube. A 1.00 
mL aliquot of nitric acid was added to each tube and samples were placed in a graphite 
block digestion unit at 900 oC for 240 minutes. The samples were then cooled, brought to 
a final volume of 10mL, capped, and vortex mixed. This method was designed to allow for 
the analysis of Ag. 
Mercury Porosimetry  
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The porosity and density were determined by mercury porosimetry analysis at 
Porous Materials, Inc. Ithaca, NY. The test was conducted using 1.62 g of Ag0Z at pressures 
ranged from 20.26 PSIA to 60044.21 PSIA, with mercury contact angle of 140 Degree and 
mercury surface tension of 480 Dynes/cm.  
N2 physisorption 
The specific surface areas and pore volumes of Ag0Z samples were determined by 
N2 physisorption measurements with a Micrometrics ASAP 2020 Analyzer. The Brunauer-
Emmett-Teller (BET) surface area was determined using the five-point BET method.118 
The micropore surface area, external surface area, and micropore volume were estimated 
by using the Harkins-Jura (HJ) t-plot model,119 and the mesopore and macropore volumes 
were determined by the Barrett-Joyner-Halenda (BJH) desorption curves.120 
SEM-EDX  
Scanning electron microscopy (SEM) (JEOL 5600, JEOL, Dearborn, MA) was 
performed to observe the changes in the morphology of AgZ crystals upon hydrogen 
reduction. Images of AgZ and Ag0Z using secondary electron imaging (SEI) were obtained 
at high magnifications, and backscattered electron images were captured to identify the 
silver particles formed on the mordenite crystal surfaces after reduction. In addition, energy 
dispersive X-ray spectroscopy (EDX) analysis was also performed to obtain qualitative 
information of elemental compositions of AgZ and Ag0Z as well as element mapping.  
XRD 
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Powder X-ray diffraction (XRD) patterns of AgZ and Ag0Z were obtained with a 
Bruker D8 Powder Diffractometer equipped with Cu Kα radiation (λ =1.54056 Å) at 40 
kV and 25 mA. The patterns were recorded with the 2θ range from 15° to 60°.   
Raman Spectroscopy 
Raman spectra of the mordenite samples were obtained with a confocal Raman 
microscope (Renishaw, InVia) using a 785 nm continuous wave (CW) diode laser. The 
system combined the Raman spectrometer and a Leica DM2700P microscope. Spectra 
were acquired between 1000 and 3500 cm-1.  
XAFS  
X-ray absorption fine structure (XAFS) investigations were performed at beamline 
10ID-B of the Advanced Photon Source at Argonne National Laboratory.121  Ag0Z samples 
were sent to ANL, and the tests and analyses were done by Dr. Carter Abney. The results 
were published in an article co-authoring with Yue Nan and Dr. Lawrence Tavlarides.122 
The following procedures for the XAFS analyses were cited from the published article.   
XAFS is an element-specific technique and is capable of directly investigating both 
oxidation state and coordination environment of the absorbing element, including 
identification of adjacent atoms from differences in backscattering amplitude as a function 
of atomic number.123  
Spectra were collected at the silver K-edge (25514 eV) in transmission mode with 
a silver foil collected simultaneously and used as the reference for energy calibration as 
well as for data analysis.  The x-ray white beam was monochromatized by a Si(111) 
monochromator with higher-order harmonics removed through the use of a Pt harmonic 
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rejection mirror, suitable for energies above 18 keV.  The incident beam intensity (I0), 
transmitted beam intensity (It) and reference (Iref) were all measured by 20 cm ionization 
chambers with gas compositions of 95% Ar and 5% N2.  All spectra were collected at room 
temperature.  Samples were centered on the beam and adjusted to find the most 
homogeneous location for data collection.  Due to the high flux and configuration of the 
beamline, the x-ray energy was varied at a constant rate across the absorption edge; neither 
step size nor dwell time changed as a function of energy.  Ten scans were collected for 
each sample. 
Data were processed and analyzed using the Athena and Artemis programs of the 
IFEFFIT package based on FEFF 6.124-125  Upon importing, data were rebinned with grids 
of 10 eV, 0.5 eV, and 0.05 Å-1 for the pre-edge region, XANES region, and EXAFS region, 
respectively.  Reference foil data were aligned to the first zero-crossing of the second 
derivative of the normalized μ(E) data, which was subsequently calibrated to the literature 
E0 for the silver K-edge.  Spectra were averaged in μ(E) prior to normalization.  The 
background was removed and the data were assigned an Rbkg value of 1.0 before 
normalizing to obtain a unit edge step. 
All data were initially fit with k-weighting of 1, 2, and 3, then finalized with k3-
weighting in R-space.  A fit of the Ag0 foil standard was used to determine S0
2 for reduced 
and regenerated AgZ, while a fit of an Ag2O standard afforded the same parameter for I2 -
contacted and recycled AgZ.  Structure models used to fit these data sets were obtained 
from crystal structures of Ag0 foil,126 Ag2O,
127 γ/β-AgI,128-129 and α-AgI.130  Structural 
parameters that were determined by the fits include the degeneracy of the scattering path 
(Ndegen), the change in Reff (ΔRi), the relative mean square displacement of the scattering 
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element (σ2i), and the energy shift of the photoelectron, (ΔE0).  For each fit, the number of 
independent points was not permitted to exceed 2/3 the number of variables, in keeping 
with the Nyquist criterion.131 
3.4. Modeling 
3.4.1. Kinetic models 
3.4.1.1. Shrinking core model 
The Shrinking Core (SC) model has been widely used to describe gas-solid 
adsorption systems.132-133 In a previous study,115  the SC model described adsorption of H2O 
on molecular sieves 3A by diffusion through the external gas film and the saturated 
adsorbent shell. Also, Jubin70 used this model for predicting the adsorption of methyl iodide 
on Ag0Z which involved both mass transfer and reaction processes. 
The adsorption process described by the SC model includes: a) diffusion through 
the external gas film, b) diffusion through the reacted shell, and c) reaction on the surface 
of the unreacted core. As adsorption proceeds, demonstrated by Figure 3-7, the diameter 
of the unreacted core shrinks. In addition, this model assumes the reaction rate is relatively 
fast so that there was no significant sorbate concentration gradient near the reacting surface.  
31 
  
 
 
Figure 3-7. Shrinking core process during adsorption on a solid particle. 
 
The general form of SC model can be expressed in terms of adsorption time, t, by 
the following Eq. (1):  
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where qe and q are the equilibrium and average transient sorbate concentration (g/g) in the 
adsorbent, respectively, and 1, 2 and 3 are the time required to reach equilibrium if the 
adsorption is controlled by the external gas film mass transfer, pore diffusion and gas-solid 
reaction, respectively, given by:  
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where ra and ρp denote radius (cm) and density (g/cm3) of the pellets, respectively, Cb is 
the bulk gas-phase concentration (g/cm3), kg is the gas film mass transfer coefficient, Dp is 
the pore diffusivity which in fact represent a lumped diffusivity for the overall diffusion 
process, ks is the reaction rate constant assuming the reaction is a simple first-order reaction, 
and b is stoichiometric coefficient of solid reactant in the gas-solid reaction:      
                                                   C s D gaA g bB s c d                              (5) 
To determine the dominating rate controlling mechanisms, the obtained kinetic data 
were fitted by the SC model with different combinations of controlling terms: mass transfer 
(external mass transfer and diffusion) controlling using Eq. (6), reaction controlling using 
Eq. (7), and all three controlling terms using Eq. (1). 
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3.4.1.2. Pore diffusion models 
The bidisperse model developed by Ruckenstein et al.134 describes the adsorption 
process on a spherical microporous particle consisting of small spherical microporous 
particles, where both macropore and micropore resistances are significant. It assumes that 
the adsorption occurs on both macropore walls and inside the micropore after the adsorbate 
diffuses into the macropore and micropore. The model was solved based on the assumption 
that the isotherm of the adsorption in the pores is linear. Equations describing the diffusion 
of gas into the macropore and micropore are expressed as Eq. (8) and (9): 134 
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where the subscript a and i represent macropore and micropore, respectively, the subscript 
s means the adsorbed adsorbate, C is the fluid phase sorbate concentration, r is the distance 
from the sphere center, R is the radius of the sphere (macrosphere or microspheres), S is 
the surface area, ε is the porosity, D is the diffusivity, n is the number of microspheres per 
unit macrosphere volume. 
The initial conditions, boundary conditions, and the solution to  Eqs. (8) and (9) 
were reported by Ruckenstein et al., and a simplified solution was also provided as 134  
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where q and qe are the transient and equilibrium uptake of adsorbate in the adsorbent, 
respectively, and other parameters are given as  
'
1
a
a
a a
a
D
D
H S



   (11) 
'
1
i
i
i i
i
D
D
H S



     (12) 
2
2
'
'
i a
a i
D R
D R
     (13) 
2
2
3(1 ) '
'
a i i a
a a i
D R
D R
 



   (14) 
The first term of the numerator on the right-hand side of Eq. (10) represents the 
macropore diffusion process and the second term describes the micropore diffusion. 
According to Karger and Ruthven,135 when the adsorbate diffuses into the micropore much 
more rapidly than into the macropore, the Eq. (10) can be simplified to a macropore 
diffusion model,  
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where K = qeρp/Cb for linear equilibrium isotherm, εp is the porosity of pellet, ρp is the 
density of pellet, and Cb is the adsorbate bulk concentration. Conversely, when the 
micropore diffusion is controlling process the fractional uptake can be expressed as: 135  
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3.4.1.3.  Linear driving force model 
The linear driving force (LDF) model proposed by Gleuckauf and Coates136 has 
been frequently and successfully used for analysis of gas adsorption kinetics because of its 
simplicity and physical consistency. The model defines the average sorbate uptake rate as 
the product of the amount required to reach equilibrium and the mass transfer coefficient, 
as given by Eq. (17):  
 LDF e
dq
k q q
dt
                  (17) 
where kLDF is the LDF mass transfer coefficient. The value of kLDF can be estimated from 
the plot of ln((qe-q)/qe) vs t when integrating Eq. (17) to Eq. (18), 
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e
q q
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        (18) 
For isothermal adsorption, kLDF  can be expressed by the following equation:
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where Ra is the radius of pellet, and Ri is the radius of microcrystals, kf is the gas film mass 
transfer coefficient, Di and Da are the micropore and macropore diffusivity, respectively. 
The three terms, from left to right, on the right-hand side of Eq. (19) represent external gas 
film resistance, macropore diffusion resistance, and micropore diffusion resistance, 
respectively.  
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3.4.2. Equilibrium models 
It is commonly known that gas adsorption on zeolites including mordenites is a 
complicated process due to the surface heterogeneity of the materials, which leads to a 
variation of adsorption thermodynamics on different adsorption sites. The sites of higher 
energy are bonded first with the adsorbate, then sites of lower energy are progressively 
bonded as the gas pressure is increased. Therefore, in this study, equilibrium models 
including parameters to account for surface heterogeneity were employed to describe the 
adsorption of H2O on Ag
0Z and AgZ. The commonly used models such as Sips,137 Toth,138 
and Unilan139-140 have a parameter believed to reflect the heterogeneity of the adsorbent 
system. However, they fail to provide an exact physical description of the heterogeneous 
property. This property can be obtained by using the Heterogeneous Langmuir model and 
the GSTA model as they have a parameter regarded as the number of energetically 
distinguished adsorption sites.  
3.4.2.1. Heterogeneous Langmuir model  
The Heterogeneous Langmuir adsorption model is an extension of the Langmuir 
equation. It is assumed that the heterogeneous surface of the sorbent is comprised of a 
number of discrete homogeneous adsorption sites, and each type of homogeneous site has 
its own equilibrium constant and adsorption capacity that can be described by the Langmuir 
equation.141-143 It can also be interpreted that the adsorption on the heterogeneous surface 
is a multiple adsorption process with heterogeneous energetic interactions of the adsorbate 
with the adsorption sites, and the adsorption on each individual energetic site is a Langmuir 
adsorption process. Using the Heterogeneous Langmuir model, the energy of adsorption 
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associated to each of the energetic interactions can be obtained.  This model can be 
expressed by Eq. (20):  
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where q is the adsorbed phase concentration, qmax,n is the maximum adsorption capacity of 
the nth adsorption site, m is the number of different types of adsorption sites, p is gas phase 
partial pressure, and Kn is the equilibrium constant associated with the adsorption on the 
nth type of adsorption site.  
3.4.2.2.  GSTA Model 
The GSTA model proposed by Liano-Restrepo and Masquera144 can be regarded as 
a special case of the Heterogeneous Langmuir model48. Similar to the Heterogeneous 
Langmuir model, it is assumed that there are different adsorption sites on the adsorbent 
surface and the uptake on each adsorption site is a Langmuir adsorption process. However, 
the GSTA model assumes that all adsorption sites have the same capacity (qmax/m). The 
benefit of this assumption is that it reduces the number of parameters to be determined, and 
consequently simplifies correlating the model with the experimental data, especially for 
systems of high heterogeneity (a large value of m).  Ladshaw et al.145 and Lin et al.114 have 
demonstrated the capabilities of the GSTA model in describing different gas-solid 
adsorption systems such as CO, H2S and C3H8 on H-mordenite, CH4, CO, CO2 and H2 on 
activated carbon, and H2O vapor on molecular sieve 3A.  The GSTA model is expressed 
by Eq. (21):  
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where Kn
o is the unitless GSTA equilibrium constant associated with the nth site, Po is the 
standard state pressure of 100 kPa, and the other symbols in the equation represent same 
parameters as described above in the Heterogeneous Langmuir model. Note that in the 
GSTA isotherm, qmax would be equal to the sum of the qmax,n parameters of the 
Heterogeneous Langmuir model. 
The thermodynamic parameters, enthalpies (Hn) and entropies (Sn), associated 
with the adsorption isotherms were determined by the Van’t Hoff equation (Eq. 22) after 
the equilibrium constants (Kn or Kn
o) for each adsorption site at various temperatures were 
obtained.  In theory, different Hn and Sn should be obtained for each different adsorption 
site to represent its distinct energy characteristics: 
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ln      (22) 
The analysis of the data with the models discussed above was performed with a 
code developed in MATLAB (R2015a), which included optimization processes to obtain 
the optimal equilibrium parameters. The non-linear least-squares method was used to 
minimize the errors between the model and experimental data. To determine the number 
of adsorption sites (m) needed to describe the system, the objective function described by 
Ladshaw et al was used.145 This function minimizes the value of m, preventing over-
description of the system.  
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Chapter 4. I2 Adsorption on Ag0Z‡ 
4.1. Introduction 
In this chapter, results of I2 adsorption on Ag
0Z were analyzed and discussed. The optimal 
reduction conditions for Ag0Z was first determined. Through different chemical/physical 
analyses of the AgZ and Ag0Z, mechanism of the Ag reduction process was determined 
and was in agreement with previous studies. The Ag particles formed on the mordenite 
crystal surface could be clearly observed by SEM imaging. The I2 adsorption mechanism 
was also determined through chemical analyses of the I2 loaded Ag
0Z. The adsorption of 
I2 mainly accorded through the reaction with Ag forming AgI. In addition, adsorption of I2 
on Ag0Z pellets was a shrinking core process. 
The adsorption kinetics was studied through experiments on single-layer Ag0Z pellets in 
continuous-flow adsorption systems of high precision at temperatures of 100 – 250 oC and 
I2 concentrations of 9 – 52 ppmv. Equilibrium and kinetic data of adsorption were obtained 
for capacity evaluation and kinetic modeling. Desorption data were collected to distinguish 
the contribution of physisorption and chemisorption. The impact of temperature on the 
equilibrium I2 loading was discussed. Kinetic data were analyzed by the Shrinking Core 
model and the model parameters associated with the mass transfer and reaction process 
                                                 
‡ Permission granted by American Chemical Society and John Wiley and Sons to use the text of 
published articles88,122 in this chapter. 
88. Nan, Y.; Tavlarides, L. L.; DePaoli, D. W., Adsorption of iodine on hydrogen-reduced silver-exchanged 
mordenite: Experiments and modeling. AIChE Journal 2017 63 (3), 1024–1035. 
122. Abney, C. W.; Nan, Y.; Tavlarides, L. L., X-ray Absorption Spectroscopy Investigation of Iodine 
Capture by Silver-Exchanged Mordenite. Industrial & Engineering Chemistry Research 2017, 56 (16), 4837-
4846. 
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were determined. In addition, the primary controlling mechanisms were determined based 
on the modeling results.  
4.2. Optimal Reduction Conditions and Properties of Ag0Z 
The I2 and H2O loading capacity of Ag
0Z reduced at different conditions were 
determined by batch experiments for comparison. Figure 4-1 shows the H2O and I2 uptake 
of one experiment as an example. Ag0Z samples reduced at 170, 230, 300 and 400 oC for 
24 hours were first loaded with about 4 wt. % H2O, and subsequently loaded with I2. The 
samples achieved similar weight gain due to the adsorption of H2O, but the sample reduced 
at 400 oC had the highest I2 loading capacity among the four samples. Similar experiments 
were performed to determine and compare the capacities of all samples. It was found that 
all the Ag0Z samples reduced at different conditions had identical H2O adsorption capacity.  
 
Figure 4-1. Adsorption of H2O and I2 on Ag0Z reduced at 170, 230, 300 and 400 oC for 
24 hours.  
0
5
10
15
20
0 100 200 300 400
W
e
ig
h
t 
G
a
in
 (
w
t.
 %
)
Time (hour)
AgoZ(170C, 24h)
AgoZ(230C, 24h)
AgoZ(300C, 24h)
AgoZ(400C, 24h)
Water adsorption in 
Bottle 1
Iodine adsorption in 
Bottle 2
Ag0Z (170oC, 24h)
Ag0Z (230oC, 24h)
Ag0Z (300oC, 24h)
Ag0Z (400oC, 24h)
41 
  
The effects of reduction temperature and time on the I2 adsorption capacity are 
shown in Figure 4-2. As shown in the plots, given the reduction time of 24 hours, the I2 
loading capacity of Ag0Z increased as reduction temperature increased from 170 to 400 oC, 
which indicated that high temperature favors the conversion of Ag+ to Ag0 in hydrogen. 
Further raising the temperature to 500 oC did not increase the capacity. The same 
tendencies were observed at reduction times of 120 and 336 hours that the increase of I2 
loading capacity also leveled off at 400 oC. It is also noted that a longer reduction time is 
needed at low reduction temperatures to achieve the maximum I2 capacity, which is due to 
the low transformation rate of Ag+ to Ag0 rate at low temperatures. The curves indicate that 
there is no further increase in I2 loading capacity beyond the reduction conditions of 400 
oC and 24 hours, which indicated that, at these optimal conditions, the AgZ was fully 
reduced. Therefore, this set of conditions is the optimal reduction conditions for Ag0Z used 
in this study and is supported by similar studies in the literature.103, 146 
Previous studies147-148 also reported that high temperatures up to 900 oC were 
required to reduce the Ag in AgZ crystals. The AgZ used in these studies was prepared by 
ion exchange of commercial NaZ (Si/Al: 6.5:1) in AgNO3 solution, which had different 
properties to the commercial AgZ pellets (Si/Al: 5:1) used in this study. It is noted that the 
physisorbed I2 on the samples in the batch experiments at room temperature and saturated 
I2 vapor pressure, should be more than that in the later continuous-flow experiments at 100 
– 250 oC and 9 – 52 ppmv under which conditions chemisorption occurs mostly. Therefore, 
the equilibrium I2 loading of the batch experiments is not comparable with that of the 
continuous-flow experiments. 
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Figure 4-2. Effect of reduction conditions on the I2 adsorption capacity of Ag0Z. 
The backscattered electron images shown in Figure 4-3 demonstrate the 
differences between the unreduced AgZ and Ag0Z reduced at the optimal reduction 
conditions. The unreduced AgZ crystals show a uniformed elemental distribution, while 
small particles (in white color) were observed on the surface of Ag0Z crystals. The particles 
distributed all over the surface of the Ag0Z crystals and their size ranged from 0.1 to 1.17 
μm. The element mapping of the Ag0Z shown in Figure 4-4 indicated that these particles 
are reduced Ag particles. As highlighted in the secondary electron and Ag mapping images, 
upon reduction Ag aggregated into large particles on the surface of the mordenite crystals.  
Due to the low resolution of the element mapping images, only large Ag particles (~1 μm) 
can be observed. The other elements namely, Si, Al, and O were distributed evenly in Ag0Z. 
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Figure 4-3. SEM (backscattered election composition) images of AgZ and Ag0Z 
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Figure 4-4. Element mapping of Ag0Z. a) Secondary electron imaging, b) overlapped mapping of Ag, Al, Si and O, c) mapping of Ag, 
d) mapping of Al, e) mapping of Si, f) mapping of O. 
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The formation of the Ag particles is also supported by the XRD patterns shown in 
Figure 4-5. The pattern of the Ag0Z showed strong peaks for metallic Ag crystals after 
reduction, while no Ag crystal peaks were observed in the AgZ pattern. This agreed with 
the fact that the Ag in AgZ was inside the mordenite structure in the form of Ag+. The 
peaks for mordenite crystals remained at the same position indicating that there were no 
changes to the crystal structures of the mordenite when treating in H2 at 400 
oC. As reported 
previously,103 silver nanoparticles greater than 3 nm were formed at a reduction 
temperature of 400 – 500 K (127-227 oC) and the size of the nanoparticles increases with 
reduction temperature. Since a higher reduction temperature (400 oC) was used in this 
study, the silver nanoparticles formed on the crystal surface should be larger than that 
reported in the previous study.  
The analyses of the samples with XAFS further confirms the conclusions above. 
XAFS spectra are artificially separated into two regions for the sake of discussion and 
analysis.  The x-ray absorption near edge spectrum (XANES) includes the region of the 
XAFS spectrum starting before absorption edge and continuing to 50-100 eV beyond; it 
displays sensitivity to metal oxidation state and the geometry of coordinating atoms due to 
selection rules dictating the probability of x-ray absorption.  Inspection of the XANES 
region is particularly enlightening due to the distinctly different oxidation states expected 
as the AgZ proceeds from the initial form (Ag+1) to reduced Ag0.  
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Figure 4-5. XRD patterns of AgZ and Ag0Z 
As should in Figure 4-6, samples with a +1 oxidation state are the Ag2O, unreduced 
AgZ and I2-loaded Ag
0Z (I2-loaded sample will be discussed in the next section). Samples 
where silver possesses an oxidation state of 0 include Ag0 foil and Ag0Z, as well as the.  
The XANES spectra for Ag0 foil and Ag0Z possess numerous common features, such as an 
absorption edge at 25518 eV, a white line at 25530 eV, and local maxima/minima occurring 
at 25530, 25542, 25554, 25565, 25589, 25602, and 25630 eV.  A greater intensity of the 
features in the bulk Ag0 foil can be observed compared with Ag0Z, which should attribute 
to the small Ag0 particle size in Ag0Z.   
The spectra are in good agreement with the collective body of literature regarding 
the capture of I2 by AgZ.  As-synthesized AgZ is fully reduced to an Ag
0 state upon contact 
with H2 at 400 °C for 24 hrs.  A conservative estimate of the sensitivity of the XANES 
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region to differing oxidation states is approximately 5%, suggesting that at least 95% of 
the Ag was reduced to Ag0 upon regeneration.   
 
 
Figure 4-6. XANES data for AgZ samples. 
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4.3. Mechanism of I2 Adsorption on Ag0Z Pellets 
Chapman and co-workers149 have reported the adsorption of I2 on Ag
0Z through 
nanoscale AgI formation. The study showed that I2 was adsorbed by chemical reaction with 
reduced Ag nanoparticles. To determine the mechanism of I2 adsorption on the Ag
0Z used 
in this study and confirm conclusions in the Chapman et al. study, chemical analyses were 
performed. 
An entirely different XANE spectrum of Ag was observed when Ag0Z was fully 
loaded with I2 as shown in Figure 4-6. The spectra shift indicated that the oxidation state 
of Ag changed from 0 to +1, which implied that the Ag was in the form of AgI. XRD 
pattern was obtained for the I2 loaded Ag
0Z. As shown in Figure 4-7, sharp peaks for AgI 
crystals were presented in the pattern of I2-loaded samples. The disappearance of the Ag
0 
peaks indicated that Ag particles were converted entirely to AgI. Therefore, the adsorption 
of I2 on Ag
0Z is a chemical reaction process of I2 with Ag forming AgI. 
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Figure 4-7.XRD patterns of AgZ, Ag0Z and I2-loaded Ag
0Z. 
 
One other question worth to address for a better understanding of the adsorption 
process is how I2 adsorption proceeds in Ag
0Z pellets, in other words, adsorption kinetics. 
Since the adsorption of I2 is a chemical reaction process of I2 with Ag particles, the process 
could be controlled by the reaction rate of I2 with the Ag particles. The overall rate can be 
controlled by the surface reaction rate of I2 with Ag, as well as diffusion rate of I2 into the 
Ag particles-I2 must diffuse through the reacted AgI layer to reach Ag inside the particle. 
Also, since the Ag particles locate at the intro-crystalline spaces of Ag0Z pellets, the 
adsorption process also involves mass transfer and diffusion of the I2 into the Ag
0Z pellet.  
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To understand the adsorption process, adsorption experiments were conducted and 
results are shown in Figure 4-8 below. The two experiments were conducted at 150 oC in 
dry air with an I2 concentration of 10 ppmv. The completed loading experiment reached an 
equilibrium loading of 12.5 wt% in about 380 hours, followed by 50 hours of desorption 
to the remove physisorbed I2. The partly loading experiment was done in the same manner 
and reached an I2 loading of 5.5 wt.%. After a 50 hours desorption, the pellets were 
collected. It was noticed that there was no desorption of I2 for the partly loading experiment, 
which indicated that at the initial part of the uptake, chemical adsorption took place 
preferentially. In addition, the overlapping of the uptake curves indicated the excellent 
reproducibility of the experimental system.  
The Ag0Z pellet fully loaded with I2 and that partly loaded with I2 were cut open to 
observe the inside pattern.  As shown in the inset of Figure 4-8, the fully loaded pellet has 
a uniform pattern throughout the cross-section, while the partly loaded pellet shows a 
reacted shell and an unreacted core. The reacted shell has the same color as the fully loaded 
pellet and the unreacted core in the same brown color as the fresh reduced Ag0Z. This 
observation suggested that, the adsorption process of I2 on AgZ pellets was a shrinking 
core process. Furthermore, the partly loaded pellet has a clear interface between the reacted 
shown and the unreacted core, and no concentration gradient is observed. This suggests 
that the reaction of I2 with the Ag particles is fast and the adsorption process is controlled 
by diffusion of I2 in the pellets.   
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Figure 4-8. A comparison of the cross-section of Ag0Z fully loaded with I2 and that partly loaded with I2. The clear interface observed 
in the Ag0Z partly loaded with I2 suggests that the adsorption process is a shrinking core process.
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4.4. The Effect of Superficial Gas Velocity 
The superficial gas velocity affects the adsorption kinetics through influencing the 
external gas film mass transfer resistance. To evaluate the effect of gas velocity, 
experiments with a single layer of Ag0Z were conducted at 150 oC at varying gas velocities 
ranged from 0.55 to 4.4 m/min.  The uptake curves plotted in Figure 4-9 show that there 
is no significant difference in uptake rate when the gas velocity is in the range of 1.1 – 4.4 
m/min. The uptake of I2 with ~25 ppmv I2 over gas velocities of 1.1 and 2.2 m/min, and 
with ~9 ppmv I2 over gas velocities of 1.1 and 4.4 m/min are very close. However, the I2 
uptake with 50.9 ppmv I2 over gas velocity of 0.55 m/min is significantly slower compared 
to that with 51.2 ppmv over gas velocity of 1.1 m/min. Despite the minor difference of I2 
concentration in the comparisons, these results suggest that the effect of external mass 
transfer resistance at gas velocities of 1.1 – 4.4 m/min on the adsorption process is not 
significant, while at low gas velocity such as 0.55 m/min the impact of the external mass 
transfer resistance cannot be ignored. Figure 4-10 compares the uptake rates of the curves 
in Figure 4-9, which also indicates that there is no significant impact by gas velocity until 
it is decreased to 0.55 m/min. Accordingly, the single-layer adsorption experiments were 
conducted with the gas velocities of 1.1 m/min. 
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Figure 4-9. Effect of gas velocity on the uptake rate of I2 on Ag
0Z at 150 oC with 
different I2 concentrations in the gas stream. 
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Figure 4-10. Comparison of the uptake rates of uptake curves in Figure 4-9. qwt (wt. %) is 
the concentration of I2 in Ag
0Z. 
 
4.5. I2 Adsorption Uptake Curves and Isotherms 
The I2 uptake curves obtained with the continuous-flow adsorption systems at 100, 
150, 175 and 200 oC are plotted in Figure 4-11, which take up to 500 hours to reach 
equilibrium. The I2 uptake rate increased as the I2 concentration increased, but the 
equilibrium I2 loading did not vary significantly. For instance, at 100 
oC, the adsorption at 
39.9 ppmv took about 130 hours to reach equilibrium while it took approximately 400 
hours at 10 ppmv. However, both adsorptions achieved about 11 wt. % I2 loading at 
equilibrium, which indicated the adsorption was mostly chemisorption. The color of the 
pellets changed from gray to yellow which also meant that I2 was chemisorbed. At 150 
oC 
and with similar I2 concentrations, the I2 loadings were more than 12 wt. %, which 
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suggested that the capacity of the Ag0Z was mainly impacted by temperature. It is noted 
that at 150 oC there are differences in equilibrium I2 loading at similar I2 concentrations. 
The deviations could be due to the heterogeneity of the sorbents in pellet size and possible 
differences in physical/chemical structure between single extrudated pellets. Even through 
multiple pellets were used in the experiments to minimize this impact, minor variations 
may still exist.  
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Figure 4-11. Uptake curves of I2 adsorption on Ag0Z at 100, 150, 175, and 200 
oC, over 
I2 concentration between 9 - 52 ppmv. 
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The amount of physisorbed I2 was estimated by desorption experiments assuming 
that the physisorbed I2 was not strongly bonded with silver and thus was desorbed in clean 
dry air. The fraction of physisorbed I2 to the total adsorbed I2 was found to range from 3% 
to 9%, which indicated that the adsorption of I2 on Ag
0Z was mostly chemisorption. As 
expected, the amount of physisorbed I2 increased with I2 concentration.  
The equilibrium data of I2 adsorption on Ag
0Z are plotted in Figure 4-12. Figure 
4-12a displays the isotherms of total adsorption of I2 with contributions by both 
physisorption and chemisorption. An average maximum I2 loading of 13.5 wt. % was 
achieved at the optimal temperature of 150 oC. This optimal adsorption temperature agreed 
with previous studies. 31-35, 39-47 The linear isotherms show a slight slope, which mostly due 
to the increase of physisorbed I2 as the I2 concentration in the gas stream increased. The 
isotherms of chemisorption shown in Figure 4-12b are almost constant lines that only 
affected by the adsorption temperature rather than I2 concentration. The average 
chemisorption at 150 oC is 12.3 wt. %, corresponding to an 88% silver utilization efficiency. 
The incomplete Ag utilization could be due to the unavailability of the silver in the channels 
and pores of the crystals that were closed or blocked, so that the silver could not move to 
the surface of mordenite during the reduction. In addition, the reaction may have reached 
an equilibrium at 150 oC, so the forward Ag-I reaction is not 100% complete.   
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Figure 4-12. Isotherms of I2 adsorption on Ag
0Z. a) Total adsorption; b) Chemisorption.
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4.6. Effect of Temperature 
It is found that temperature affects the I2 loading capacity of Ag
0Z through the 
impact on chemisorption (Ag-I reaction). However, the effect of temperature on the I2 
loading capacity is not linear. The equilibrium I2 adsorption capacity of Ag
0Z increased as 
the temperature increased from 100 to 150 oC, but decreased when further raised the 
temperature to 200 oC.  Theoretically, the equilibrium adsorption capacity is expected to 
decrease with increasing temperature. The opposite change of I2 loading capacity from 100 
to 150 oC could be due to the impact of the H2O existing in the mordenite structure. 
Previous studies of I2 adsorption with Ag
0Z22-23, 31, 57, 150 have shown that H2O adsorbed in 
Ag0Z has an adverse effect on the I2 capacity of Ag
0Z. They reported that at higher 
temperatures such as 150 oC, there is less adverse effect of H2O in the off-gas streams 
compared to low temperatures (room temperature), because the relative vapor pressure of 
H2O is lower. Consequently, there is less H2O present to react with Ag and AgI forming 
Ag2O or AgOH. Also, H2O content in the zeolite will be lower permitting I2 to enter pores 
or pass between crystals. Accordingly, the adverse effect of H2O at 423K should be smaller 
than that at 100 oC. In the single-layer adsorption experiments of this study, the Ag0Z was 
pre-equilibrated at desired adsorption conditions in the gas stream without I2 to remove the 
moisture in the pellets before starting I2 adsorption. In other words, for experiments at 100 
oC, the Ag0Z was pre-equilibrated at 100 oC, and for experiments at 150 oC, the Ag0Z was 
pre-equilibrated at 150 oC. Therefore, the pre-equilibration at 100 oC gave more moisture 
remaining in Ag0Z than that at 150 oC, and consequently a stronger effect by the H2O. 
Figure 4-13 shows the desorption (removal) of H2O when Ag
0Z was equilibrated in the 
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gas stream without I2 at 100, 150 and 200 
oC, sequentially. As the temperature was 
increased, more H2O was desorbed, resulted in less effect of the H2O. Therefore, the I2 
capacity at 150 oC was higher than 100 oC. 
 
Figure 4-13. Desorption of H2O when Ag0Z is equilibrated in dry air stream (dew point: -
70oC) at 100 (373 K), 150 (423 K),  and 200 oC (473 K), sequentially. 
However, the less adverse effect of H2O at a lower temperature cannot explain the 
decrease of I2 capacity when increasing temperature from 150 to 200 
oC. Extended 
experiments were conducted at 250 oC, and a different behavior (Figure 4-14) to those at 
100 – 200 oC was observed. As anticipated, the I2 capacity at 250 oC further decreased, but 
the uptake curve started to drop at the 35-hour point without stopping the I2 in the gas 
stream. The weight loss was a slow process that took about 200 hours to fall from 7.5 wt. % 
to 6.5 wt. %. Similar results were obtained from a replicate experiment. Since there were 
no changes in dew point and I2 concentration in the gas stream during the experiments, 
desorption of H2O or I2 should not occur. Therefore, the weight loss should be due to the 
decomposition of AgI formed on Ag0Z to release I2 and silver. And this silver may be in 
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some chemical form that could not react with I2 to form AgI again. As more AgI was 
formed, the rate of decomposition became faster than formation, resulting in the weight 
loss of adsorbents. After about 200 hours, the formation and decomposition of AgI reached 
equilibrium. The decomposition also explains the decrease in I2 capacity of Ag
0Z when the 
temperature was increased from 150 to 200 oC. The decrease in I2 capacity due to the 
decomposition of AgI overcame the increase due to the effect of less H2O in the Ag
0Z 
pellets. 
 
 
Figure 4-14. Uptake curves of I2 adsorption on Ag
0Z at 250 oC (523K). A decrease in mass 
is observed from 35 hours without stopping I2 in the gas stream which is due to possible 
decomposition of AgI. 
 
However, this observation of decomposition at 250 oC varies from those reported in 
previous studies that bulk AgI and AgI inside zeolite crystals decomposed at temperatures 
above 400 oC.63-65 In addition, by thermodynamic calculations, equilibrium vapor pressures 
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of I2 over bulk AgI for the Ag-I reaction at 200 and 250 
oC in terms of concentration are 
0.049 and 0.245 ppm, respectively, which means that AgI decomposition should not occur 
at the experimental conditions performed where the I2 concentrations were 9- 52 ppmv. 
The reason could be that the AgI nanoparticles formed on the mordenite crystal surface by 
I2 reacting with silver nanoparticles are more susceptible to decomposition than bulk AgI 
and AgI formed inside zeolite crystals. However, future work including chemical analyses 
is needed to confirm the AgI decomposition in Ag0Z.  
4.7. Kinetics 
The kinetic data were fitted by the SC model with different combinations of 
controlling terms as shown in Eq. (1), (6) and (7) and model parameters were evaluated. 
Since the external gas film mass transfer resistance did not have significant impact on the 
uptake kinetics under the conditions studied, the gas film mass transfer coefficient (kf) in 
1 was estimated by the Ranz and Marshall correlation:151 
1/3 0.52 0.6 ReSh Sc       (23) 
where Sh, Sc and Re are the dimensionless Sherwood number, Schmidt number and 
Reynolds number. The effect of the pellet-supporting screen on kf is assumed negligible.  
The I2 molecular diffusivity was estimated by the Fuller et al.
152 correlation,  
   
1.75
2
1/3 1/31/2
0.00143
AB
AB A B
T
D
PM  

 
   
          (24) 
where the subscripts A and B denote I2 and air, respectively, P is the pressure in bar, MAB 
is the average molecular weight defined by
2
1 1
AB
A B
M
M M


, and  is the atomic 
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diffusion volume. For the I2 -air system, P = 1 bar, 52.0ABM  g/mol,   59.6A  and 
  19.7
B
  .153 The kinematic viscosity of air needed for estimating the gas film mass 
transfer coefficient were estimated by REFPROP.154 
Average values of the pore diffusivity (Dp) and reaction constant (ks) were 
estimated by least-square fitting of the uptake curves and were substituted into Eq. (1), (6) 
and (7) to predict the I2 adsorption on Ag
0Z. Figure 4-15 shows the comparison of the 
predictions by the three equations at 200 oC. The SC model with all controlling terms 
showed an excellent capability to fit the experimental data, while the model with only mass 
transfer or reaction controlling terms could not describe the I2 adsorption process well. This 
result suggests that both mass transfer and reaction control the adsorption process of I2 on 
Ag0Z.   
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Figure 4-15. Comparison of the prediction of the SC model with different combinations 
of rate controlling terms. 
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The curve-fitting error was estimated by the average absolute relative deviation 
(AARD) expressed as following Eq. (25). 
exp
exp
1
(%) 100
moln
i i
i i
y y
AARD
ny

           (25) 
where the subscript i indicates the ith data point of the total n data points, and superscripts 
exp and mol represent the experimental data and model prediction, respectively. The 
comparison of fitting results using the AARD and calculated parameters for the different 
models is shown in Table 4-1. The average AARD of 1.57% indicates that the SC model 
with all rate controlling terms can describe the I2 adsorption better than the models with 
only mass transfer or reaction controlling terms, which have average AARDs beyond the 
acceptable range. The coefficients and the reaction constant increase with temperature, 
which implies that high temperature favors the rate of mass transfer and Ag-I reaction. 
 
Table 4-1. Variables and model parameters for the SC Model 
   
SC model with mass transfer 
terms 
SC model with 
reaction term 
SC model with mass transfer and 
reaction terms 
T  
(oC) 
v 24 
(cm2/s) 
DAB 
(cm2/s) 
kf 
(cm/s) 
Dp 
(cm2/s) 
AARD 
(%) 
ks 
(cm/s) 
AARD 
(%) 
kf 
(cm/s) 
Dp 
(cm2/s) 
ks 
(cm/s) 
AARD 
(%) 
100 0.232 0.144 6.49 2.41×10-3 6.47 6.08×10-2 7.06 6.49 4.91×10-3 0.132 1.42 
150 0.284 0.179 7.45 2.85×10-3 5.23 7.60×10-2 7.22 7.45 5.58×10-3 0.164 2.02 
200 0.348 0.218 8.42 3.79×10-3 8.38 9.72×10-2 6.47 8.42 8.07×10-3 0.196 1.26 
Ave.     6.69  6.92    1.57 
 
The model parameters of all sets of conditions obtained for the SC model with mass 
transfer and reaction terms of Eq. (1) are listed in Table 4-2. The good agreement of Dp 
and ks values at each temperature and the very small AARD at all sets of conditions confirm 
the good capability of the model to predict the I2 uptake process. As mentioned above, the 
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silver nanoparticles in Ag0Z locate on the surface of the mordenite crystals. Therefore, the 
obtained pore diffusion (Dp) mainly describes the diffusion of I2 molecules through the 
macropores between the modenite crystals rather than the micropores in the mordenite 
crystals. As expected, the values of Dp and ks increased with temperature as the rates of 
diffusion and reaction would be faster at a higher temperature. The values of 2 and 3 are 
of the same order, and both are about two orders of magnitude greater than 1, indicating 
the effects of pore diffusion resistance and reaction resistance on the I2 uptake rate are 
much more significant than that of external gas film mass transfer resistance. Therefore, 
the major mechanisms of I2 adsorption on Ag
0Z under the studied conditions are pore 
diffusion through the adsorbent and Ag-I reaction.  
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Table 4-2. Experimental results and model parameters for the SC Model with mass 
transfer and reaction controlling terms. 
[I2] 
(ppmv) 
I2 loading  
(kg/100kg) 
SC 
τ1 (h) τ2 (h) τ3 (h) 
kf 
(cm/s) 
Dp 
(cm2/s) 
ks 
(cm/s) 
AARD% 
100 oC 
10.0 10.62 2.70 1.71×102 1.38×102 6.49 4.96×10-3 1.27×10-1 1.29 
21.9 10.85 1.26 7.85×101 6.42×101 6.49 5.04×10-3 1.27×10-1 1.21 
39.9 11 7.00×10-1 4.65×101 3.19×101 6.49 4.73×10-3 1.42×10-1 1.76 
Avg     6.49 4.91×10-3 1.32×10-1 1.42 
150 oC 
9.1 12.3 3.43 2.13×102 1.73×102 7.45 5.81×10-3 1.48×10-1 1.43 
24.2 12.3 1.29 7.93×101 5.37×101 7.45 5.85×10-3 1.78×10-1 1.80 
25.0 12.5 1.26 8.13×101 5.71×101 7.45 5.52×10-3 1.35×10-1 2.83 
51.2 13.7 6.74×10-1 4.36×101 3.06×101 7.45 4.85×10-3 1.68×10-1 1.84 
52.0 13.25 6.39×10-1 3.94×101 2.50×101 7.45 5.86×10-3 1.91×10-1 2.20 
Avg     7.45 5.84×10-3 1.72×10-1 2.02 
200 oC 
12.2 9.72 1.98 1.12×102 9.90×101 8.42 7.83×10-3 1.83×10-1 2.05 
28.3 10.2 0.496 2.48×101 2.09×101 8.42 8.15×10-3 2.00×10-1 1.14 
51.1 10.2 8.95×10-1 4.44×101 3.68×101 8.42 8.22×10-3 2.05×10-1 0.58 
Avg     8.42 8.07×10-3 1.96×10-1 1.26 
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4.8. Regeneration 
Practically, the study of Ag0Z regeneration may not be necessary due to that the 
adsorbents will be consolidated for long-term storage after saturated with radioactive I2. 
However, for a better understanding the chemistry of the material and in consideration of 
its potential application in other industrial chemical processes, regeneration of Ag0Z was 
investigated in this study through I2 adsorption experiments and XAFS analyses.  
The regenerated Ag0Z pellets were prepared by treating the I2 -loaded Ag0Z in a 4% 
H2/96% Argon stream at 500 oC for 24 hours.  The procedure is the same as that stated in 
Section 3.2.1. Then I2 adsorption on the regenerated Ag0Z pellets was performed in a dry 
air stream containing I2 of 50 ppmv and at the temperature of 150 
oC.  The uptake curves 
of I2 adsorption on Ag
0Z and regenerated Ag0Z were compared in Figure 4-16. It was 
observed that Ag0Z mentioned the same capacity after one regeneration at 500 oC for 24 
hours, which indicate that the AgI can be reduced entirely to Ag0 in H2 stream. 
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Figure 4-16. I2 adsorption on Ag
0Z and regenerated Ag0Z 
 
The XANES spectra of Ag0Z and regenerated Ag0Z, as well as Ag foil, are shown 
in Figure 4-17.  The results also show that AgI can be fully regenerated by contact with 
H2 at 500 °C for 24 hrs, returning to the Ag
0 oxidation state with no obvious residual AgI 
remaining.  The second contact with I2, resulting in the recycled Ag
0Z, displays an identical 
spectrum as the initial I2 -contacted AgZ while suffering no decrease in I2 adsorption 
performance. While further cycles are needed for confirmation, this finding suggests the 
simple act of reduction, I2 exposure, regeneration, and recycle does not directly impact the 
performance of the Ag0Z for I2 adsorption, and that deactivation is attributable to a different 
gaseous component not considered in this study.   
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Figure 4-17. XANES spectra for Ag0Z samples. a) Normalized spectra of Ag0Z, 
regenerated Ag0Z and Ag foil samples.  Dashed grey lines are drawn at characteristic 
spectral features.  b)  The derivative of the XANES spectra in a). c) Normalized spectra of 
I2-loaded Ag
0Z and I2-loaded regenerated Ag
0Z (Recycle). 
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4.9. Conclusions 
To better understand I2 adsorption pathway in Ag
0Z, analyses of XRD, SEM-SES, 
XAFS, and XANES were conducted to corroborate generation of surface Ag0 particles 
upon reduction and formation of AgI upon exposure to I2. The adsorption was found to be 
shrinking core process according to the partly I2 loading experiments and modeling results.  
The optimal reduction conditions of Ag0Z (12.0 wt.% Ag) used in this study were 
found to be at 400 oC and for 24 hours. Based on the equilibrium data from single-layer 
pellet adsorption experiments, the adsorption of molecular I2 on Ag
0Z is mostly 
chemisorption through the Ag-I reaction. The optimal adsorption temperature was found 
to be 150 oC, which confirmed the conclusions in previous studies. An average maximum 
I2 loading of 12.3 wt. % by chemisorption (13.5 wt. % by both chemisorption and 
physisorption) was achieved at 150 oC, and the corresponding Ag utilization efficiency is 
88%. The lower I2 capacity at temperatures lower than 150 
oC can be explained by the 
stronger adverse effect of H2O in the adsorbents. Future work is needed to study details of 
H2O effects. The decrease in I2 capacity at temperatures beyond 150 
oC could be due to the 
decomposition of AgI nanoparticles at temperatures above 150 oC, according to the 
experimental observations. More investigations in future studies are needed to confirm this 
explanation.  
Furthermore, the Shrinking Core model with mass transfer and reaction controlling 
terms is capable of describing the kinetics of I2 adsorption on Ag
0Z with an average AARD 
of 1.57%. The primary controlling mechanisms were found to be diffusion through 
macropores of the adsorbent and the Ag-I reaction. The effect of gas film mass transfer 
resistance on the adsorption process is not significant at the experimental conditions 
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studied. The parameters indicate that high temperature favors the adsorption rate by 
increasing the rate of gas film mass transfer, pore diffusion, and reaction. 
Finally, investigation of the Ag0Z regeneration indicated the Ag could be entirely 
reduced for subsequent I2 adsorption, resulting in the same I2 loading capacity as before. 
The results provide valuable information for future studies of Ag0Z deactivation and 
methods for capacity recovery.  
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Chapter 5. H2O Adsorption on Ag0Z § 
5.1.  Introduction 
Reduced silver-exchanged mordenite (Ag0Z) has been recognized as the state-of-
art adsorbent for I2 retention in the nuclear fuel reprocessing off-gas treatment. It has also 
been shown to have a considerable adsorption capacity for H2O vapor, which is also a 
major component in the off-gases of spent nuclear fuel reprocessing facilities. Therefore, 
understanding H2O vapor adsorption on Ag
0Z is necessary for a better design of off-gas 
treatment systems.   
The kinetics was studied through adsorption experiments of H2O vapor on Ag
0Z 
pellets and analyses of the kinetic data with adsorption models that describe processes of 
mass transfer and inter/intra-crystalline diffusion. Uptake curves of H2O vapor on Ag
0Z 
pellets were obtained with a continuous-flow adsorption system at temperatures of 25, 40, 
60, 100, 150, and 200 oC and dew points from -53.6 to 12.1 oC. The diffusion controlling 
factors were determined experimentally and analytically. It was found that the diffusion 
process of H2O vapor in Ag
0Z pellets was controlled by macropore diffusion. Gas film 
mass transfer resistance also contributed to the adsorption process of the 0.9 mm Ag0Z 
pellets, but it could be minimized with a high gas velocity and small pellet radius. Kinetic 
models including macropore diffusion (MD), linear driving force (LDF) and shrinking core 
(SC) were used to fit the uptake curves. The macropore diffusivity for H2O vapor 
                                                 
§ Permission granted by American Chemical Society to use the text of published article63 in this 
chapter. 
63. Nan, Y.; Lin, R.; Liu, J.; Crowl, T. B.; Ladshaw, A.; Yiacoumi, S.; Tsouris, C.; Tavlarides, L. L., 
Adsorption Equilibrium and Modeling of Water Vapor on Reduced and Unreduced Silver-Exchanged 
Mordenite. Industrial & Engineering Chemistry Research 2017, 56 (28), 8095-8102. 
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adsorption on Ag0Z pellets was determined using the three models. It was found that the 
LDF and SC models could well describe the kinetic process, while the fitting with the MD 
model was not quite as good due to the existence of external mass transfer resistance for 
the 0.9 mm Ag0Z pellets.  
The isotherms of H2O (nonradioactive H2O) on Ag
0Z were obtained at temperatures 
of 25, 40, 60, 100, 150, and 200 oC with a continuous-flow adsorption system. The data 
were analyzed using the Heterogeneous Langmuir and Generalized Statistical 
Thermodynamic Adsorption (GSTA) models, and thermodynamic parameters of the 
isotherms were obtained from both models. Both models were found capable of describing 
the isotherms. Isotherms of H2O on the unreduced silver mordenite (AgZ) were also 
collected at 25, 40, and 60 oC and parameterized by the GSTA model. Through the 
comparison of the isotherms of Ag0Z and AgZ, it was found that Ag0Z had a higher H2O 
adsorption capacity than AgZ. The comparison of their thermodynamic parameters 
suggested that the interaction of H2O molecules with the H
+ in Ag0Z was stronger than that 
with the Ag+ in AgZ. 
 
5.2. Kinetics  
5.2.1.  Determination of diffusion control factors and micropore diffusivity 
To better understand the adsorption process of H2O vapor on Ag
0Z pellets, 
experiments were performed to investigate the rate controlling factors of the adsorption 
kinetics. Zeolite (including mordenite) pellets are made of zeolite crystals and binder 
materials, and they are bi-porous materials containing both intra-crystalline micropores and 
inter-crystalline macropores. The physisorption process of a zeolite pellet is often 
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controlled by micropore diffusion, or macropore diffusion, or both. If micropore diffusion 
controls the adsorption process, the fractional adsorption rate should be independent of the 
size of pellets; while in the case of macropore diffusion control or both, the fractional 
adsorption rate will depend on the pellet size. Furthermore, when macropore diffusion is 
controlling the adsorption process, the initial fractional adsorption rate will be inversely 
proportional to the pellet radius.143, 155-156 Based on this theory, H2O adsorption 
experiments were performed with Ag0Z pellets of different radii to determine the rate 
controlling process. The Ag0Z pellets (radius = 0.9 mm) were ground and sieved to average 
radii of 0.4 mm, 0.18 mm and 0.09 mm, and then loaded with H2O vapor at 40 
oC in the 
gas stream of dew point -40 oC. Replicates of experiments were conducted to determine 
experimental uncertainties.  
In addition, efforts were made to experimentally determine the micropore 
diffusivity by adsorption of H2O on Ag
0Z powder which passed through a 120-mesh sieve. 
The average particle radius of the powder was measured as 50 μm. The micropore 
diffusivity was determined by fitting the uptake curves with the LDF model assuming the 
radius of the powder was small enough so that the gas film mass transfer and macropore 
resistances under the adsorption conditions were insignificant and therefore the total mass 
transfer coefficient kLDF was only associated with the micropore resistance.  
5.2.2. Diffusion control factors and micropore diffusivity 
The uptake curves of the H2O adsorption on Ag
0Z pellets of 0.09, 0.18, 0.4 and 0.9 
mm radius at 40oC in gas streams of dew point of - 40 oC are shown in Figure 5-1. The 
triplicate experiments had very close kinetics and reached the same maximum equilibrium 
loading (4.3 wt. %), which indicated the high accuracy and reliability of the experimental 
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data. The uptake curves also showed that the H2O adsorption rate increased with the 
decrease of pellet radius, which suggested that macropore diffusion played a significant 
role in the adsorption kinetics.  
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Figure 5-1. Uptake curves of H2O adsorption on Ag
0Z of different particle radii at the 
temperature of 40 oC and dew point of -40 oC. 
To further investigate the rate controlling diffusion process, the relationship 
between the initial fractional uptake rate and the pellet radius was studied. The results are 
plotted in Figure 5-2 and summarized in Table 5-1.  Assuming the gas film mass transfer 
resistance of the small particles was insignificant, it was found that the products of the 
pellet radius (Ra) and the slope of the initial fraction of the uptake curves (Ui) were 
generally around 2.1 (Table 5-1), meaning that the initial fractional adsorption rate was 
inversely proportional to the pellet radius. This result indicated that the adsorption of H2O 
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vapor on Ag0Z pellets was controlled by the macropore diffusion process. The smaller 
RaUi value (1.80) for the 0.9 mm pellets could be due to a more significant gas film mass 
transfer resistance with larger pellets, which led to a slower initial fractional uptake rate. 
The gas film mass transfer resistance can be minimized with a sufficiently high gas flow 
velocity or small adsorbent radius.  
 
Figure 5-2. The initial fractional uptake rate of H2O vapor on Ag
0Z was inversely 
proportional to the radius of the Ag0Z particles, which indicated that the adsorption 
process was controlled by macropore diffusion. 
 
 
 
 
78 
  
Table 5-1. Change of initial factional uptake rate with pellet radius as shown in Figure 5-
2. 
Pellet Radius  
Ra (mm) 
Initial Factional uptake rate 
Ui (hr-1) 
 
RaUi 
0.09 22.90 2.06 
0.18 12.11 2.18 
0.40 5.38 2.15 
0.90 2.00 1.80 
 
The micropore diffusivity of H2O into the Ag
0Z crystals was estimated from the 
uptake curves of H2O vapor on Ag
0Z powder using the LDF model. The uptake curves of 
H2O vapor adsorption on Ag
0Z powder are shown in Figure 5-3. Adsorption reached 
equilibrium in about 4 minutes, which was more rapid compared to the adsorption on 
larger pellets as shown in Figure 5-1. Assuming the radius of the Ag0Z powder was small 
enough so that the external gas film mass transfer and macropore diffusion resistances are 
negligible, the kLDF can be expressed as: 
2
1
15
i
LDF i
R
k D
     (26) 
Then the adsorption rate can be expressed as:  
 2
15 i
e
i
Ddq
q q
dt R
     (27) 
By fitting the uptake curves with Eq. (27), an average Di value of 1.5910 -12 cm2/s 
was determined. It should be noted that the actual Di value of H2O on Ag
0Z crystals would 
be greater than this calculated value since the external mass transfer and macropore 
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diffusion resistance still existed during the adsorption on Ag0Z powder. However, this fact 
does not influence the conclusions drawn from pore diffusion modeling results in Section 
5.2.4 below.   
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Figure 5-3. Adsorption of H2O vapor on Ag
0Z powder (Ra = 50 m) at the temperature of 
40 oC and dew point of -40 oC.   
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5.2.3. Uptake curves of H2O on Ag0Z 
Uptake curves of H2O vapor adsorption on 0.9mm Ag
0Z pellets were obtained at 
temperatures of 25, 40, 60, 100, 150 and 200 oC in gas streams of dew points between -
53.6 to 12.1 oC. As shown in Figure 5-4, it took up to 50 hours for the Ag0Z pellets to 
reach equilibrium at low adsorption temperatures and H2O vapor concentrations (e.g. at 25 
oC over dew point of -53.6 oC). While at high H2O vapor concentration and high-
temperature conditions, it took less than an hour to reach equilibrium. It was also observed 
that the uptake rate generally increased with adsorption temperature and the dew point of 
the gas stream. This was consistent with the fact that a higher adsorbate concentration and 
adsorption temperature results in faster diffusion kinetics. In addition, under the studied 
conditions, a maximum H2O adsorption capacity of 8.5 wt.% was observed at 25 
oC over 
a dew point of -1.8 oC, and a minimum capacity of 0.3 wt.% was observed at 200 oC over 
a dew point of -49.8 oC.  
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Figure 5-4. Uptake curves of H2O vapor on 0.9 mm Ag
0Z in gas streams at temperatures 
from 25 to 200 oC and dew points from -53.6 - 12.1 oC.  
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5.2.4. Modeling  
5.2.4.1. The pore diffusion models 
The modeling with the pore diffusion models was realized by least-square fitting of 
the experimental data to determine the model parameters. Experimental results in above 
Section 4.1 have shown that the macropore diffusion is the rate controlling factor for the 
adsorption process of H2O vapor on Ag
0Z. To further confirm this conclusion, curve-fitting 
by the bidisperse model (Eq. 10) and the macropore diffusion (MD) model (Eq. 15) were 
compared.  It was found that the MD model had the same capability as the bidisperse model 
to fit the uptake curves as demonstrated by an example shown in Figure 5-5. As shown in 
the figure, with the Di value of 1.5910 -12 cm2/s applied to the bidisperse model, the 
difference between the macropore diffusivities (Da) obtained from the two models was only 
0.0084%. In addition, the prediction curves of the two models overlapped in the plot, which 
indicated that the micropore diffusion term in the bidisperse model had an insignificant 
contribution to the model prediction. This result further supported the conclusion from the 
experimental results that the H2O adsorption process is dominated by macropore diffusion. 
Accordingly, the MD model was used to analyze the kinetic data in preference to the 
bidisperse model due to its less complexity.  
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Figure 5-5. Comparison of the bidisperse and macropore diffusion models to fit the uptake 
curve of H2O on Ag
0Z pellets (0.9 mm) at 40oC over the dew point of -20.8 oC. The 
prediction curves of the two models overlapped in the plot. 
Results from the MD model for all uptake curves are showing in Table 5-2.  The 
macropore diffusivity (Da) was estimated for each experiment. It was observed that the 
value of Da did not change significantly with the experimental conditions, and the average 
Da slightly increased as the adsorption temperature increased. The curve-fitting error was 
estimated by Eq. (25) in Section 4.7. Note that the AARD shown in Table 5-2 is the curve-
fitting error of the model to the data with the average Da value at each temperature.  The 
average AARD for the MD model was found ranged from 3.65 – 8.27 % and the value 
decreased as the adsorption temperature increased, which indicated that the model fits the 
uptake curves better at high temperatures. The high AARD values also implied the 
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existence of gas film mass transfer resistance with the 0.9 mm pellets. Since the MD model 
does not account for the gas film resistance, the accuracy of curve fitting reduces as the 
temperature reduces and thus the gas film resistance increases.  
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Table 5-2. Experimental results and parameters obtained from the MD, LDF and SC 
models. 
              
    MD model LDF model SC model 
 DP 
(°C) 
qe 
(g/g) 
Cb 
g/cm3 
 
Da 
(cm2/s) 
AARD 
(%) 
kLDF 
hr-1 
Da 
(cm2/s) 
AARD 
(%) 
τ1 τ2 
Da 
(cm2/s) 
AARD (%) 
25°C -53.6 3.57E-02 1.25E-08  0.118 15.49 0.082 0.151 2.30 7.221 34.510 0.103 3.78 
 -39.5 4.90E-02 9.96E-08  0.089 13.00 0.250 0.109 3.50 1.830 13.323 0.068 4.49 
 -29.3 5.82E-02 2.99E-07  0.082 7.11 0.592 0.101 4.26 0.723 5.815 0.061 3.87 
 -21.5 6.42E-02 6.54E-07  0.135 3.08 1.915 0.188 3.73 0.365 1.360 0.132 1.34 
 -9.6 7.20E-02 1.97E-06  0.121 3.73 4.612 0.162 1.59 0.153 0.630 0.106 0.72 
 -1.8 8.60E-02 3.85E-06  0.095 2.10 6.019 0.121 1.35 0.094 0.523 0.078 1.74 
 Avg    0.107 7.42   0.139 2.79     0.091 2.66 
40°C -52.3 2.43E-02 2.06E-08  0.084 15.95 0.100 0.105 6.66 4.250 33.021 0.067 8.72 
 -39.8 4.41E-02 9.17E-08  0.101 8.72 0.303 0.133 5.50 1.695 11.106 0.079 2.88 
 -29.6 5.13E-02 2.76E-07  0.108 6.43 0.877 0.152 0.84 0.654 3.801 0.089 1.84 
 -20.8 6.10E-02 6.66E-07  0.112 6.72 1.854 0.161 1.19 0.323 1.770 0.094 1.42 
 -10.7 6.61E-02 1.70E-06  0.113 5.06 4.030 0.145 0.68 0.154 0.760 0.093 1.09 
 -1.7 7.24E-02 3.70E-06  0.130 2.94 9.262 0.176 1.81 0.069 0.320 0.112 0.70 
 7.5 7.57E-02 7.22E-06  0.096 4.35 13.058 0.123 0.83 0.042 0.259 0.074 1.37 
 Avg    0.107 7.17  0.142 2.50     0.087 2.75 
60°C -50.9 1.70E-02 2.31E-08  0.085 17.11 0.210 0.140 5.52 2.727 20.410 0.066 6.00 
 -40.2 2.30E-02 8.24E-08  0.089 11.82 0.544 0.137 4.53 1.036 6.815 0.075 4.84 
 -30.1 4.00E-02 2.47E-07  0.121 9.15 1.150 0.178 1.93 0.602 2.530 0.117 2.41 
 -20.4 4.41E-02 6.51E-07  0.114 3.85 2.618 0.167 1.15 0.251 1.163 0.107 1.38 
 -10.1 5.45E-02 1.69E-06  0.116 4.66 5.269 0.158 0.81 0.120 0.593 0.099 1.31 
 -0.1 5.78E-02 3.97E-06  0.115 3.02 11.527 0.155 0.86 0.054 0.268 0.099 1.37 
 Avg    0.111 8.27  0.156 2.47     0.094 2.89 
100°C -46.5 1.22E-02 2.62E-08  0.093 16.25 0.265 0.110 6.08 1.347 13.38 0.064 10.12 
 -38.9 1.52E-02 6.71E-08  0.111 5.37 0.895 0.191 2.95 0.656 3.632 0.114 2.99 
 -30.1 2.00E-02 1.74E-07  0.135 3.22 1.789 0.195 2.10 0.334 1.681 0.125 2.12 
 -23.5 2.42E-02 3.39E-07  0.109 3.51 2.456 0.159 1.98 0.233 1.439 0.091 2.58 
 -10.1 3.78E-02 1.19E-06  0.100 2.88 4.904 0.137 2.30 0.092 0.730 0.080 2.65 
 0 4.80E-02 2.82E-06  0.131 1.21 10.820 0.169 1.13 0.049 0.281 0.111 1.24 
 8.4 5.27E-02 5.08E-06  0.149 2.65 20.650 0.205 1.69 0.030 0.147 0.129 1.69 
 Avg    0.122 5.01   0.167 2.60     0.102 3.34 
150°C -46.0 6.50E-03 1.82E-08  0.075 10.22 0.439 0.135 8.08 0.894 12.590 0.052 10.52 
 -34.9 1.21E-02 1.04E-07  0.083 3.77 1.546 0.158 3.44 0.290 2.810 0.074 3.83 
 -24.4 1.45E-02 3.10E-07  0.095 3.31 3.293 0.132 3.10 0.117 1.230 0.069 3.63 
 -17.9 1.80E-02 5.82E-07  0.103 2.80 6.169 0.171 3.40 0.077 0.580 0.097 3.33 
 -8.6 2.30E-02 1.36E-06  0.119 2.82 13.493 0.214 2.34 0.042 0.233 0.133 2.40 
 1 2.72E-02 3.03E-06  0.105 2.40 22.271 0.181 2.13 0.022 0.172 0.095 2.18 
 5.8 3.06E-02 4.25E-06  0.110 2.85 26.539 0.172 2.31 0.018 0.139 0.095 2.53 
 12.1 3.73E-02 6.51E-06  0.116 2.95 36.128 0.187 2.10 0.014 0.092 0.114 2.50 
 Avg    0.101 3.89  0.169 3.36     0.092 3.87 
200°C -49.3 3.20E-03 1.98E-08  0.096 4.29 1.150 0.161 4.98 0.355 3.920 0.075 7.02 
 -29.9 9.40E-03 1.77E-07  0.065 3.38 3.211 0.147 6.56 0.117 2.380 0.041 4.66 
 -19.2 1.26E-02 5.14E-07  0.050 4.41 6.598 0.138 5.87 0.054 1.300 0.034 4.82 
 -9.8 1.64E-02 1.22E-06  0.076 3.15 12.713 0.149 3.53 0.030 0.410 0.060 3.53 
 0 1.99E-02 2.82E-06  0.070 3.99 21.892 0.130 3.40 0.016 0.255 0.051 3.18 
 6 2.27E-02 4.31E-06  0.080 2.88 35.089 0.160 2.72 0.012 0.185 0.052 3.30 
 12.4 2.03E-02 6.64E-06  0.076 3.42 46.859 0.119 1.78 0.007 0.153 0.037 2.58 
 avg    0.074 3.65  0.143 4.12     0.051 4.16 
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5.2.4.2. The linear driving force model 
To analyze the uptake curves with the LDF model, the kLDF values were first 
determined from the plot of ln((qe-q)/qe) vs t. Since the adsorption process was controlled 
by macropore diffusion, the contribution of the micropore resistance to the overall 
resistance was insignificant. Accordingly, Eq. (19) was simplified to: 
2
1
3 15
e p e pa a
LDF f b p a b
q qR R
k k C D C
 

       (28) 
Then the film mass transfer coefficient (kf) was estimated by the correlation for 
forced convection around a solid sphere as shown by Eq. (23.) And the molecular 
diffusivity in the Sherwood and Schmidt number was estimated by the Fuller et al. 
correlation as in Eq. (24).152 The values of atomic diffusion volume for H2O and air, 
  13.1
A
  and   19.7
B
  , were obtained from the literature.23 After kLDF was 
determined from the plot of ln((qe-q)/qe) vs. t and kf was calculated from Eq. (23), Da values 
were then estimated using Eq. (28).  It is observed in Table 5-2 that the kLDF values 
increased with the dew point and adsorption temperature while the Da values did not 
change significantly. The average AARD at the studied adsorption temperatures ranged 
from 2.47% to 4.12%, which indicated the good capability of the LDF model to fit the 
uptake curves.  
5.2.4.3. The shrinking core model 
For the SC model, the parameter τ1 was calculated by Eq. (2) with the kf estimated 
from Eq. (23), and then τ2 was determined by fitting the experimental data using the least-
square fitting method. Then Da was calculated using Eq. (6). As shown in Table 5-2, the 
values of τ1 and τ2 generally decreased as the dew point and temperature increased, which 
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means that the time needed for mass transfer through external gas film and the macropore 
decreased as the dew point and temperature increased. In addition, the ratios of τ1 to τ2 
could represent the contributions of gas film mass transfer resistance and macropore 
diffusion resistance to the overall resistance, which are plotted in Figure 5-6.  It was found 
that macropore diffusion resistance contributed 84 – 94 % to the overall mass transfer 
resistance for H2O adsorption on Ag
0Z at temperatures of 25 – 200 oC, and the gas film 
resistance contributed 6 – 16%. The decrease of gas film resistance contribution with 
increasing temperature could be explained by the fact that the gas film mass transfer 
coefficient is proportional to the 1.75th power of temperature (T1.75 as in Eq. 24) while the 
macropore diffusivity changes linearly with the square root of temperature (T0.5 as in the 
expression of Knudsen diffusivity, which dominates the gas diffusion process in macropore 
when the adsorbate concentration is low132). The decreasing gas film resistance also 
explains the decrease of average AARD with increasing temperature for the MD model 
discussed above.  
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Figure 5-6. Distribution of mass transfer resistances for H2O adsorption on 0.9 mm Ag
0Z 
pellets. 
Table 5-3 summarizes the properties of the gas flows and parameters from the MD, 
LDF, and SC models at different temperatures. The data show that the calculated molecular 
diffusivity (DAB) and the gas film mass transfer coefficient (kf) increased as the adsorption 
temperature increased. The values of macropore diffusivity (Da) obtained from the three 
models were in the same order of magnitude and ranged between 0.05 to 0.17 cm2/s in the 
temperature range of 25 - 200oC. The overall average AARD for the MD, LDF, and SC 
models are 7.42%, 2.97%, and 3.27%, respectively, which indicated that the LDF and SC 
models could well describe the adsorption process of H2O on Ag
0Z pellets under the 
studied conditions. The LDF model fits the uptake curves slightly better than the SC model. 
Figure 5-7 demonstrates the goodness of three models in fitting the uptake curves of H2O 
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on Ag0Z. It can be observed that LDF and SC models fit the experimental data well under 
all conditions, while the MD model does not fit well at low temperatures.  
 
Table 5-3. Properties and parameters for the MD, LDF, and SC models (P= 1 bar). 
T (oC) 
Viscosity 24  
(10-6 m2/s) 
DAB 
(cm2/s) 
kf  
(cm/s) 
Da, MD 
(cm2/s) 
AARD 
（%） 
Da, LDF 
(cm2/s) 
AARD 
（%） 
 
Da, SC 
(cm2/s) 
AARD 
（%） 
25 15.62 0.253 10.91 0.107 7.42 0.139 2.79  0.091 2.66 
40 17.04 0.276 11.52 0.107 7.17 0.142 2.50  0.087 2.75 
60 18.94 0.308 12.34 0.111 8.27 0.156 2.47  0.094 2.89 
100 23.20 0.375 14.09 0.122 5.01 0.167 2.60  0.102 3.34 
150 28.40 0.468 16.22 0.101 3.89 0.169 3.36  0.092 3.87 
200 34.80 0.569 18.46 0.074 3.65 0.143 4.12  0.051 4.16 
avg     7.42  2.97   3.27 
 
  
90 
  
0 5 10 15 20
0
1
2
3
4
5
6
 Exp. Data
 MD
 LDF
 SC
W
a
te
r 
u
p
ta
k
e
 (
w
t.
%
)
Time (hour)
25 oC, DP = -39.5 oC
0 3 6 9 12
0
1
2
3
4
5
6
40 oC, DP = -29.6 oC
 Exp. Data
 MD
 LDF
 SC
W
a
te
r 
u
p
ta
k
e
 (
w
t.
%
)
Time (hour)
0 1 2 3 4 5
0
1
2
3
4
5
6
60 oC, DP = -20.4 oC
 Exp. Data
 MD
 LDF
 SC
W
a
te
r 
u
p
ta
k
e
 (
w
t.
%
)
Time (hour)
0 1 2 3
0
1
2
3
4
5
6
100 oC, DP = 0 oC
 Exp. Data
 MD
 LDF
 SC
W
a
te
r 
u
p
ta
k
e
 (
w
t.
%
)
Time (hour)
 
0 1 2 3
0.0
0.5
1.0
1.5
2.0
2.5
150 oC, DP = -8.6 oC
 Exp. Data
 MD
 LDF
 SC
W
a
te
r 
u
p
ta
k
e
 (
w
t.
%
)
Time (hour)
0.0 0.1 0.2 0.3
0.0
0.5
1.0
1.5
2.0
2.5
200 oC, DP = 6 oC
 Exp. Data
 MD
 LDF
 SC
W
a
te
r 
u
p
ta
k
e
 (
w
t.
%
)
Time (hour)
 
Figure 5-7. Curve-fitting of the MD, LDF and SC models to the uptake curves of H2O on 
Ag0Z at different conditions.  
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The reason that the MD model has the least capability, among the three models, of 
fitting the uptake curves could be due to the existence of external mass transfer resistance. 
Since the MD model only contains a term describing the macropore diffusion, it cannot fit 
the initial fraction of the adsorption process well where gas film mass transfer plays a 
significant role. This explanation is supported by the curve fittings in Figure 5-7 that a 
relatively large deviation between the MD model and experimental data is observed at the 
initial 20% of the uptake curves, where the model predictions are higher than the actual 
uptake. Also, as shown in Figure 5-7, the MD model tended to fit the curves better at high 
temperatures as the gas film mass transfer resistance became less significant.  
The macropore diffusivity obtained from the MD, LDF and SC models are 
compared in Figure 5-8. Among the three models, the Da values from the LDF model were 
the largest and those from the SC model were the smallest. Since the MD, LDF and SC 
models were derived from various physical models of adsorption, the equations of Da in 
the three models were algebraically different. In addition, Da values from the three models 
showed the similar change with temperature. They slightly increased as the temperature 
increased from 25 to 150 oC and then decreased when temperature further increased to 200 
oC. This decrease was likely due to a physical or chemical change to the Ag0Z pellets at 
such high temperature. However, studying the property changes to the material was not 
within the scope of the current paper. It would be a valuable work for the future study.    
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Figure 5-8. Comparison of the macropore diffusivity obtained using the MD, LDF and 
SC models.  
5.3. Equilibrium  
5.3.1. Determination of maximum monolayer capacity 
Unlike the H2O adsorption on Molecular Sieves (3A, 4A, and 5A), which is a 
monolayer adsorption process, H2O adsorption on AgZ and Ag
0Z is a process including 
monolayer adsorption, multilayer adsorption, and pore filling according to the shape of 
isotherms. Multiple models are needed to describe the entire isotherm with the three 
different adsorption mechanisms. In this study, modeling of the isotherms was focused on 
the monolayer adsorption portion only. This was done because, when using Ag0Z for 
capturing radioactive I2 in off-gas streams of nuclear fuel reprocessing facilities, the 
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operating temperature will be maintained at about 150oC16, 19, 22-23, 60 (optimal temperature 
for I2 adsorption) where only monolayer adsorption of H2O will take place.  
To apply models to the isotherms, the maximum monolayer adsorption capacities 
of the sorbents need to be determined. The Brunauer-Emmett-Teller (BET) isotherm 
model118 was employed to estimate the monolayer capacities with the experimental data 
obtained at relative vapor pressures between 0.05 and 0.3. The linear form of the model is:  
 
cvp
p
vppv
p
mm
1
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1-c
)( 00
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



                        (29) 
 
where p and p0 are the equilibrium and saturation partial pressures of the adsorbate, 
respectively, v is the amount of gas adsorbed, vm is the amount of gas adsorbed by 
monolayer adsorption and c is the BET constant.  
 
5.3.2. H2O adsorption isotherms and modeling 
The maximum monolayer capacity of H2O adsorption on Ag
0Z was determined 
using the BET isotherm model to describe data obtained at 25oC. Experimental data, as 
well as the optimized BET model, are shown in Figure 5-9. The data indicated that the 
isotherm of H2O adsorption on Ag
0Z was a type IV isotherm according to the IUPAC 
classification of adsorption isotherms,157 which includes monolayer adsorption, multilayer 
adsorption, and pore filling processes. The maximum H2O adsorption capacity of Ag
0Z at 
relative pressure over 0.7 was found to be more than 20 wt.%, which was achieved by pore 
filling. As shown in Figure 5-9, the BET model was able to fit the data at relative pressures 
94 
  
between 0.05-0.3. The maximum monolayer capacity was estimated to be 8.56 wt.%, 
which was determined by the plot of p/[v(p0-p)] vs. p/p0 shown in Figure 5-10.  
 
Figure 5-9. Comparison of BET model with the isotherm of H2O adsorption on Ag
0Z 
obtained at 25 oC. 
 
Figure 5-10. The plot of p/[v(p0-p)] vs. p/p0 using the H2O adsorption data on Ag
0Z 
obtained at 25oC and relative pressures between 0.05-0.3. 
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The isotherms for H2O adsorption on Ag
0Z at 25, 40, 60, 100, 150, and 200 oC are 
shown in Figure 5-11. Both the Heterogeneous Langmuir model and the GSTA model 
were used to describe the data. Each model was capable of describing the isotherms and 
found that the number of adsorption sites (m) is equal to 3. This suggests that there were 
three energetically distinguished adsorption sites in the adsorbent for adsorption of H2O.  
The adsorption capacity of each adsorption site (qmax,n) and thermodynamic parameters 
(Hn and Sn) obtained from both models are compared in Table 5-4. Different adsorption 
capacities (qmax,n) for the three adsorption sites were obtained from the Heterogeneous 
Langmuir model, while the capacity for the sites obtained from the GSTA model was just 
one-third of the overall capacity. The Hn and Sn for H2O adsorption on each site were 
obtained by correlating the equilibrium constants (Kn) with temperature (T) using the Van’t 
Hoff equation, and all the correlations had a correlation coefficient (R2) above 0.99. Notice 
that the two models provided different sets of Hn and Sn values for the adsorption sites. 
It should be noted that the Hn and Sn values for the GSTA model are not associated with 
site-specific energies as in the Heterogeneous Langmuir model, but are instead 
representative of the event energies of the adsorption of n molecules in the site network of 
the adsorbent.145 Therefore, the Hn and Sn values for the two models are not directly 
comparable.  
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Figure 5-11. Isotherms of H2O adsorption on Ag
0Z obtained at 25, 40, 60, 100, 150, and 200 oC and fitted by the Heterogeneous 
Langmuir (left) and GSTA (right) models. 
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Table 5-4. Parameters obtained from the Heterogeneous Langmuir model and the GSTA 
model 
n 
Heterogeneous Langmuir model  GSTA model 
qmax,n 
(wt.%) 
ΔHL,n 
kJ/mol 
ΔSL,n 
J/K/mol 
R2 qmax,n 
(wt.%) 
ΔHG,n 
kJ/mol 
ΔSG,n 
J/K/mol 
R2 
1 3.53 -36.91 -68.19 0.995  2.85 -47.39 -50.44 0.993 
2 2.97 -60.02 -110.43 0.993  2.85 -106.39 -165.59 0.996 
3 2.06 -42.66 -31.31 0.990  2.85 -135.64 -212.03 0.998 
 
The goodness of fit of the models to the isotherms was estimated by the average 
absolute relative deviation (AARD) shown in Eq. (25). The estimated average values of 
AARD the Heterogeneous Langmuir model and GSTA model were 3.36 and 4.83, 
respectively, indicating that both models are capable of describing the isotherms of H2O 
adsorption on Ag0Z. It is noted that although the Heterogeneous Langmuir model fitted the 
isotherms slightly better than the GSTA model, the Heterogeneous Langmuir process of 
optimizing the model parameters was much more complicated than that of the GSTA model 
and the complication increases significantly if heterogeneity of adsorption systems 
increases. For those adsorption systems that are more complex or adsorption systems 
including co-adsorption of multiple components, the GSTA model may be more favorable 
since it can provide reliable modeling results with a relatively simpler analysis process. 
5.3.3. Comparison of Ag0Z and AgZ 
It was found from the N2 physisorption analysis that the surface area and pore 
volume of the AgZ changed significantly after reduction in H2 at 400 
oC for 24 hr, while 
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these properties did not change when treated in N2 at the same conditions (Table 5-5). This 
result indicates that there were no thermal effects on the mordenite structure at 400 oC and 
the changes to properties should be due to the presence of H2. The XRD patterns of AgZ 
and Ag0Z in Figure 4-5 also showed that the structure of mordenite did not change during 
the reduction. It is also noted in Table 5-5, that the micropore surface area and micropore 
volume increased significantly when treated with H2, while the external surface area and 
meso/macropore volume did not change. This is expected to be a result of the migration of 
Ag+ in the micropores of AgZ to the meso/macropores, forming Ag clusters on the surface 
of the mordenite crystals during H2 reduction, as previously observed and reported.
88, 103, 
158 This was also observed in the XRD pattern of Ag0Z in Figure 4-5 which had two sharp 
peaks of Ag0, indicating the existing of Ag crystals (nanoparticles) on the surface of 
mordenite.  When the AgZ was reduced to Ag0Z, Ag+ in the micropores of AgZ was 
replaced by H+ and migrated to the meso/macropores. Therefore, the Ag0Z was essentially 
(Ag0)HZ.  Since H+ has a smaller atomic diameter than Ag+, when performing N2 
physisorption analyses, N2
 molecules were able to enter the micropores of Ag0Z, resulting 
in a much larger micropore surface area and volume. 
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Table 5-5. Physical properties of AgZ, Ag0Z, and AgZ treated in N2. 
Properties AgZ Ag0Z AgZ Treated in N2 
  (400 oC, 24 hr) 
BET surface area (m2/g) 27.75 176.60 28.15 
Micropore surface area (m2/g) 6.66 154.43 6.56 
External surface area (m2/g) 21.09 22.16 21.58 
Micropore volume (μL/g) 3.05 77.03 3.06 
Mesopore and macropore volume (μL/g) 95.59 94.96 97.69 
 
The isotherms for H2O adsorption on the unreduced AgZ were obtained at 25, 40, 
and 60 oC and are compared with the isotherms for Ag0Z in Figure 5-12. It was found that 
the adsorption equilibrium capacities of AgZ at the same H2O vapor pressure and 
temperature were lower than those of Ag0Z. The maximum monolayer adsorption capacity 
for AgZ was estimated at 8.22 wt.% using the BET model described above, which was 
lower than that of Ag0Z (8.56 wt.%). The lower H2O adsorption capacity suggested a 
weaker affinity of H2O to the Ag
+ sites than for the H+ sites.  
The isotherms of AgZ were also analyzed with the GSTA model and model 
parameters were compared with those for Ag0Z. The plot in Figure 5-13 shows an excellent 
agreement between the GSTA model and the isotherms of AgZ (average AARD = 3.1), 
indicating the capability of the model to describe a different system. The optimal number 
of adsorption sites (m) on the AgZ for adsorbing H2O was also found to be 3, which was 
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the same as Ag0Z. The Hn and Sn values obtained are compared with those for Ag0Z in 
Table 5-6, the results of which were obtained from the data shown in Figure 5-13. As 
expected, the magnitudes of Hn and Sn for H2O adsorption on these sites were smaller 
than those in Ag0Z. In general, a higher magnitude of the Hn and Sn indicates a stronger 
interaction between the adsorbate and the adsorption sites. Therefore, the bonding of the 
H2O molecules to the H+ in Ag
0Z is stronger than the bonding to the Ag+ in AgZ. 
 
 
Figure 5-12. Isotherms of H2O adsorption on AgZ and Ag
0Z. 
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Figure 5-13. Fitting of GSTA model to the isotherms for AgZ. 
Table 5-6. Parameters of Heterogeneous Langmuir model and GSTA model 
n 
Ag0Z AgZ 
qmax,n 
(wt.%) 
ΔHn 
kJ/mol 
ΔSn 
J/K/mol 
 qmax,n 
(wt.%) 
ΔHn 
kJ/mol 
ΔSn 
J/K/mol 
 
1 2.85 -47.39 -50.44  2.74 -36.27 -17.79  
2 2.85 -106.39 -165.59  2.74 -80.68 -89.85  
3 2.85 -135.64 -212.03  2.74 -121.05 -176.16  
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5.4. Conclusions 
Kinetic data of H2O vapor adsorption on Ag
0Z pellets were obtained with a 
continuous-flow adsorption system at temperatures of 25 – 200oC and dew points from -
53.6 to 12.1 oC. The data of high precision obtained at a wide range of conditions shorten 
the data gap in the literature for H2O adsorption on Ag
0Z. Through adsorption experiments 
with Ag0Z pellets of various radii and analysis with pore diffusion models, it was found 
that the diffusion process of H2O vapor into Ag
0Z pellets was controlled by macropore 
diffusion, and the adsorption process on the 0.9 mm Ag0Z pellets was controlled by both 
macropore diffusion and gas film mass transfer. The LDF and SC models were able to fit 
the kinetic data well with an average AARD of 2.97% and 3.27%, respectively. The MD 
model could describe the uptake curves of the H2O adsorption on Ag
0Z reasonably well at 
high temperatures where the external gas film mass transfer resistance becomes 
insignificant.  
The macropore diffusivity for H2O adsorption on Ag
0Z was determined by the three 
models which ranged between 0.05 to 0.17 cm2/s at the studied temperatures. The Da values 
generally increased with increasing temperature from 25 to 150 0C followed by a decrease 
when temperature increased further from 150 to 200 oC. The decrease was probably due to 
changes to the adsorbent properties at high temperature, which will be investigated in 
future work. The experimental data and model parameters determined for the kinetics of 
H2O vapor adsorption on Ag
0Z provide valuable information for the design of adsorption 
systems for the treatment of off-gases from spent nuclear fuel reprocessing facilities.  
The isotherms of H2O adsorption on Ag
0Z and AgZ were obtained at various 
temperatures in this study. Data for Ag0Z were analyzed with the Heterogeneous Langmuir 
103 
  
model and the GSTA model and were well described by both models. The results from 
both models indicate that there were three distinct energetic adsorption sites in AgZ and 
Ag0Z for adsorbing H2O vapor. Enthalpies and entropies for the adsorption site models 
were obtained to describe the adsorption of H2O on Ag
0Z. The fitness of the Heterogeneous 
Langmuir model to the isotherms was slightly better than the GSTA model but required a 
more complicated optimization process. Selection between the Heterogeneous Langmuir 
model and the GSTA model should be made based on the complexity of the system to be 
described.  
Significant changes to the micropore surface area and volume were found when 
reducing the AgZ to Ag0Z in H2 at 400 
oC. By investigating the physical properties of Ag0Z, 
AgZ, and AgZ treated in N2 at 400 
oC, it was found that the changes in micropore surface 
area and volume was due to the reduction of Ag+ to Ag0 rather than thermal effects. This 
is consistent with previous studies on the migration of Ag+ to the mordenite surfaces during 
the reduction of AgZ.103, 158 Furthermore, the equilibrium adsorption capacities of AgZ 
were found lower than those of Ag0Z at the same conditions due to a weaker interaction of 
H2O molecules with the Ag
+ sites in AgZ than with the H+ sites in Ag0Z. This conclusion 
was supported by comparison of the model parameters whereby enthalpies and entropies 
of H2O adsorption on AgZ were lower than those on Ag
0Z. 
The results of this study reduce the data gap in the literature and provide insights 
of equilibrium adsorption of H2O on silver mordenites. The experimental observations and 
fundamental modeling results have important implication in system design when using 
silver mordenite for off-gas treatment and can support the modeling efforts by the U.S. 
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Department of Energy (DOE), Fuel Cycle Research and Development (FCR&D) for off-
gas treatment processes.     
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Chapter 6. I2 /H2O Co-adsorption 
6.1. Introduction  
In this chapter, the adsorption of I2 on Ag
0Z with the presence of H2O vapor was 
discussed. As demonstrated in Chapter 5, Ag0Z can co-adsorb significant amount of H2O 
vapor from the gas streams. The presence of H2O vapor impacts the adsorption 
performance of Ag0Z for I2 adsorption. Although methods to reduce or to prevent co-
contamination of the tritiated H2O may have to be designed, it would be valuable to 
understand the impact of H2O vapor on the performance of Ag
0Z in terms of capacity 
changes and mechanism for the changes.    
To determine the performance of Ag0Z for co-adsorbing I2 and H2O, experiments 
were conducted at different I2 and H2O concentrations. Both co-adsorption kinetic and 
equilibrium data were obtained to discuss the performance changes. The co-adsorption 
results were compared with the single component adsorption data.   
Mechanisms for the co-adsorption process were studied through experiments with 
different adsorption sequences of I2 and H2O, as well as chemical and physical analyses of 
the adsorbents before and after the adsorption.  The co-adsorption was found to be a 
complicated process including adsorption of I2 by the silver particles, adsorption of H2O in 
the micropore of Ag0Z, as well as deactivation of the silver for I2 adsorption. 
6.2. Co-adsorption Uptake Curves 
Results of I2 and H2O co-adsorption on Ag
0Z are shown in Figure 6-1. The 
adsorption and desorption curves were obtained at 150oC with humid gas streams of dew 
point -16 oC and different I2 concentrations. I2 and H2O were adsorbed simultaneously 
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during the uptake region and then desorbed in sequence. The total weight gain ranged from 
9.4 to 11.2 wt.%. According to the H2O adsorption data in Chapter 5, the equilibrium H2O 
adsorption capacity at -16 oC is about 1.8 wt.%, which means the total I2 uptake in Figure 
6-1 is approximately 7.6 - 9.4 wt.%. This is significantly lower than that with dry air under 
the same conditions. The H2O desorption curve indicated that about 1.3 wt. % of H2O was 
desorbed from the Ag0Z pellets when H2O vapor was removed from the gas stream. There 
was ~0.5 wt% remained in the adsorbent. The subsequent desorption of I2 shows the similar 
trend as in dry air streams, indicating that the amount of physisorbed I2 in the humid stream 
had no significant difference to that in dry air. 
Additionally, from the initial fraction of uptake curves in Figure 6-1, it can be noted 
that H2O was adsorbed more rapidly compared to I2. The uptake curves reached a weight 
gain of about 2 wt.% in a very short time due to H2O adsorption. A transient point can be 
observed at about 2 wt.%, where H2O adsorption reached equilibrium and I2 adsorption 
mainly took place. This observation agreed with well with the H2O and I2 adsorption 
kinetics discussed in Chapter 4 and 5.  
A comparison of the I2 adsorption isotherms (chemisorbed) in dry air and humid 
air is shown in Figure 6-2. About 40% of average equilibrium chemisorption capacity drop 
was observed when I2 was co-adsorbed with H2O at DP of -16 
oC. Therefore, the presence 
of H2O in the gas stream had significant adverse impacts on the I2 adsorption capacity of 
Ag0Z. In addition, the two curves had the same tendency of increase as the I2 concentration 
increased. The increase of I2 concentration from 10 to 50 ppmv was insignificant, 
comparing to H2O concentration (1490 ppm), to make I2 more competitive for occupying 
the adsorption sites.  
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Figure 6-1. Co-adsorption of I2 and H2O on Ag
0Z followed by desorption of H2O and I2. 
 
  
Figure 6-2. Isotherms chemisorption of I2 on AgZ in the dry and humid air. 
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The effect of H2O concentration on the adsorption capacity of AgZ was investigated 
with humid gas streams of various dew points: -23 and 0.6 oC. Figure 6-3 shows that the 
I2 loading amount (chemisorbed) decreased with the increasing dew point of the gas 
streams, indicating that higher H2O concentration resulted in a more significant loss of I2 
adsorption sites. However, the reduction of capacity does not change linearly with the H2O 
vapor concentration in the gas stream, as demonstrated by the plot in Figure 6-3b. The I2 
loading dropped rapidly within 1500 ppmv, and decrease slowly beyond 1500 ppmv.  
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Figure 6-3.   I2 adsorption capacity (chemisorption) of Ag
0Z in humid air streams of different dew points. I2 was co-adsorbed with 
H2O.
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According to the mechanism of H2O adsorption on mordenites reported in previous 
studies and the results of I2 adsorption in Chapter 4 of this report, H2O and I2 were adsorbed 
at different locations in Ag0Z. H2O should be adsorbed to the adsorbing sites in the 
micropore/channels of the mordenite crystals, while I2 was adsorbed by reacting with Ag 
particles on the surface of mordenite crystals. This means the reduction of I2 adsorption 
capacity in humid air stream should not be due to the pore-blocking by H2O molecules, but 
the deactivation of Ag particles.  
To further understand the impact of H2O on the I2 capacity of Ag
0Z, adsorption 
experiments of different I2 and H2O uptake sequences were performed and compared. 
Figure 6-4a and 6-4b are the uptake curve of I2 in dry air and co-adsorption of I2 and H2O 
in the humid air of DP -16 oC, respectively. Figure 6-4c shows the adsorption of H2O and 
I2 in sequence followed by H2O and I2 desorption in sequence. It was noted that when H2O 
was desorbed from the Ag0Z, the curve maintained at ~9.2 wt.% and no significant I2 
adsorption occurred. The slight increase in uptake curves should be due to the 
physisorption of I2, as the similar increase was observed on other I2 uptake curves at 
equilibrium. That is, when H2O molecules were removed from the micropore/channels, no 
further uptake of I2 by Ag particles occurred. This indicated that a) H2O did not block the 
pores/channels, b) a portion of the Ag was deactivated with the presence of H2O in the gas 
stream. This conclusion is supported by results in Figure 6-4d. When most of the H2O was 
desorbed, the I2 capacity was still lower than that in the dry air stream. The portion of H2O 
remained in Ag0Z may be strongly binded (physically) to the adsorption sites in the 
pore/channel, or chemically attached to Ag through the deactivation reaction.  Accordingly, 
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a possible reason for the effect of H2O on the I2 adsorption performance of Ag
0Z is the 
deactivated the Ag particle by H2O. 
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Figure 6-4. Adsorption and desorption of I2 and/or H2O in different sequences. a) I2 adsorption followed by desorption. b) I2/H2O co-
adsorption followed by H2O desorption and then I2 desorption. c) H2O adsorption and then I2 adsorption followed by H2O desorption 
and then I2 desorption. d) H2O adsorption and then desorption followed by I2 adsorption and then desorption.
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6.3. Deactivation of Ag0Z in Humid Air Streams  
To understand the effect of water on the adsorption capacity of Ag0Z for iodine 
adsorption, chemical analyses including XRD, XPS, Raman, and XAFS were conducted. 
Chemical changes to the Ag0Z treated in humid air flows at different conditions were 
determined. The effect of water concentration (dew point: -22 to 15.3 oC) and treating time 
(6 to 72 hr) at the temperature of 150 oC were studied. In addition, regeneration of the 
humid air treated Ag0Z was also investigated. 
The Ag0Z samples were first analyzed with XRD. The patterns in Figure 6-5 
showed a reduction of Ag0 when the Ag0Z were treated in humid air flows. This indicates 
that a portion of the Ag0 particles was oxidized to Ag+. However, no new characteristic 
peaks for Ag oxides were observed on the XRD pattern of the treated samples. This could 
be due to the detection limit of XRD, by which only crystals and element over 1wt% are 
generally detectable.  In other words, the produced Ag oxides may be amorphous or not on 
surfaces of Ag0Z. In addition, no significant difference in the intensity of Ag0 peaks were 
observed for the Ag0Z treated with dew point from -22 to 15.3 oC, indicating the oxidation 
reaction reached an equilibrium at a dew point lower than -22oC. 
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Figure 6-5. XRD patterns of Ag0Z and Ag0Z treated in humid air flows of different dew 
points for 24 hr at 150 oC 
 
The effect of treating time is shown in Figure 6-6, in which a decrease in Ag0 peaks 
was observed when the treating time increased from 6 to 24 hr, while there was no further 
decrease when the treating time was extended to 72 hr. This suggests that at the studied 
conditions the deactivation process reached equilibrium within 24 hr. The results indicate 
that the deactivation process with water under real off-gas conditions is likely faster in 
comparison to the iodine adsorption process. The XRD patterns shown in Figure 6-7 
suggest that the deactivated (oxidized) Ag can be fully regenerated to Ag0 particles at the 
same reduction conditions for Ag0Z (4%H2 in Argon, 400
oC, 24 hr). The regenerated Ag0Z 
had a similar pattern as the untreated Ag0Z. 
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Figure 6-6. XRD patterns of Ag0Z and Ag0Z treated in the humid air flow of dew points -
16 oC for different periods at 150 oC. 
 
Figure 6-7. XRD patterns of Ag0Z, Ag0Z treated in the humid air flow of dew points -16 
oC for 24 hr at 150 oC and consequently regenerated Ag0Z. 
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The samples were also analyzed with Raman spectroscopy, which does not have 
the detection limit for non-crystals as the XRD. Therefore, any amorphous Ag oxides 
formed on the surface can be probed by Raman. The Raman spectra of the same samples 
as tested in XRD are shown Figure 6-8, 6-9 and 6-10.  As expected, the Ag in the 
unreduced AgZ (250cm-1) can be detected as shown in the figures, which was not shown 
on the XRD pattern of AgZ. The intensity of Ag on AgZ was found lower than on Ag0Z. 
This should be a result of migration of Ag to the surface during the reduction process, 
resulting in a higher Ag composition on the surface of Ag0Z.  
Results of Raman spectra agreed well with the XRD results. Similar decreases in 
Ag peaks were observed after treating in the humid air of different dew points and different 
periods. Figure 6-8 shows a general slight reduction in Ag peaks as the dew point increased, 
except for DP0 and DP10 samples. This inconsistency may be due to a deviation of Ag 
content between the AgZ pellets resulted from the manufacturing process.  Nevertheless, 
the decrease is insignificant, which is consistent with observations from XRD patterns. 
Furthermore, no new peaks of Ag oxides were observed on spectra of Ag0Z treated in 
humid air, indicating that no amorphous Ag oxides were formed on the surface of Ag0Z. 
According, the decrease of surface Ag content was likely due to a migration of Ag back 
into the mordenite crystal. This assumption is supported by the inset plot in Figure 6-8, 
where the intensity of peak (1) decreases more rapidly than peak (2) resulting in a peak 
shape similar to AgZ, which has Ag+ inside the micropores/channels.  
The decrease of Ag peaks in Figure 6-9 is also consistent with the XRD patterns in 
Figure 6-6. The 6 hr treated Ag0Z has higher intensity for Ag than the 24 hr and 72 hr 
treated Ag0Z, and the latter two samples have the same intensity for Ag. This result 
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confirms the conclusion that the deactivation reaction of Ag0Z in the humid air flow of dew 
point -16 oC at a temperature of 150oC reaches equilibrium within 24 hr. The Raman 
spectrum of the regenerated Ag0Z shown in Figure 6-10 is close to the untreated  Ag0Z, 
which also indicates that the deactivated Ag can be re-reduced to Ag particles back on the 
surface.  
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Figure 6-8. Raman spectra of Ag0Z in Figure 6-5 
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Figure 6-9. Raman spectra of Ag0Z in Figure 6-6 
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Figure 6-10. Raman spectra of Ag0Z in Figure 6-7 
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To determine the mechanism for the deactivation or oxidation process of Ag0Z in 
humid air gas stream. XPS analyses of the samples were performed to investigate the 
oxidation state of the Ag after treated in humid air flows. The results were reported recently 
by Nan et al.159 in the study of aging processes of AgZ in nuclear off-gases. The samples 
were treated with off-gas components including water vapor (in the humid air of dew point 
-15 oC) at 150 oC up to 6 months.  
Figure 6-11 shows the spectra of Ag 3d region for Ag in standards and AgZ 
samples. The binding energy of Ag 3d 5/2 shifted from 368.4 eV to 367.6 eV when the Ag 
in AgZ was reduced to Ag0 and formed Ag particles on Ag0Z. The measured binding 
energies are in agreement with those measured by Aspromonte and coworkers.146 When 
the Ag0Z was treated in humid air for 2 months, the binding energy shifted back to a value 
of 367.9 eV. This should be due to the oxidation of a portion of the Ag particles as indicated 
by the XRD and Raman results. The BE value (367.9 eV) is in between those of Ag2O 
(368.3 eV) and Ag0Z, and it is also in between those of AgZ and Ag0Z. Recall the results 
from the XRD and Raman that no Ag oxides were observed, the shift of binding energy 
back should be due to shift from Ag0Z to AgZ upon humid air treatment. 
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Figure 6-11. XPS spectra of Ag 3d for Ag standards and AgZ samples. 
 
The deactivation mechanism was also investigated by XAFS analyses. The Ag 
spectra in the EXAFS region in Figure 6-12a show a shift of shape towards the directions 
demonstrated by the arrows when Ag0Z in the humid air for 1, 2 and 4 months, indicating 
a change of oxidation state from Ag0 to Ag+. In addition, the treated samples had the same 
spectra. By comparing with the standards and untreated samples in Figure 6-12b, it was 
found that shift of shape in Figure 6-12a was towards the direction of AgZ instead of Ag2O. 
This can be clearly observed by the first peak on the normalized spectra with the red arrow. 
Accordingly, it can be concluded that when treated in humid air, the Ag0 particles were 
oxidized to Ag+ and consequently migrated into the mordenite crystals.  
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Figure 6-12. EXAFS of Ag0Z samples (a) and Ag standards (b). 
 
Accordingly, the deactivation of Ag0Z in humid air stream involves both Ag 
oxidation and migration process. It is likely that the Ag particles were first oxidized by the 
O2 and H2O vapor to Ag oxides/hydroxides (Eq. 30 and 31), and the Ag
+
 consequently 
migrated into the channels/pores of the mordenite crystals to replace the H+ to bond with 
the active sites (Eq. 32). The H+ was then combined with the O2-/OH- forming H2O (Eq. 33 
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and 34). The Ag particles may be fully oxidized under ideal conditions. The deactivation 
pathway is demonstrated in Figure 6-13. 
O2 +  4Ag = 4Ag
+ + 2 O2−    (30) 
2H2O + O2 +  8Ag = 8Ag
+ + 4HO− + 2 O2− (31) 
Ag+ + HZ = AgZ + H+    (32) 
2H+ + O2− = H2O      (33) 
H+ + HO− = H2O      (34)
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Figure 6-13. Deactivation pathway of Ag0Z in humid air.  
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6.4. Conclusions 
The investigation of I2 and H2O co-adsorption indicated that the capacity of Ag
0Z 
for I2 was decreased when co-adsorbing with water. A ~40 % relative loss in I2 adsorption 
capacity was observed at an adsorption temperature of 150 oC in humid air streams of dew 
point -22 to 0 oC. By studying the Ag0Z treated in the humid air of different dew points and 
treatment periods, it was found that the capacity loss was due to a chemical deactivation of 
the Ag in the Ag0Z. The deactivation kinetics were found faster, reach equilibrium within 
6 hr, compared with the I2 adsorption rate.  
Through chemical analyses with XRD, Raman spectroscopy, XPS, and XAFS, the 
deactivation of Ag0Z in the humid air was determined. It was found that, upon exposure to 
humid air, the Ag0 particles in the Ag0Z was oxidized to Ag+ and then migrated to the 
mordenite crystals to replace the H+ and bond to the mordenite framework.  
The results provided valuable information for the design of the I2 adsorption 
systems for nuclear off-gas treatment. For best use of the Ag0Z adsorbent, water vapor 
should be removed from the off-gas streams in prior to passing through the Ag0Z column 
to avoid deactivation of the adsorbent.   
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Chapter 7. Recommendations for Future Work 
 
7.1. Aging Issues of Ag0Z in Off Gases 
Although Ag0Z has been shown a good performance for iodine (CH3I and I2) 
adsorption by previous investigations and this work, there are several issues that need to 
be addressed to use Ag0Z for treatment of nuclear-fuel reprocessing off-gas streams. One 
major problem is the loss of capacity due to aging processes when exposing to off gases 
including air, H2O, NO and NO2 over extended periods of time. As demonstrated by Figure 
7-1, when the I2 was captured by the front end of the Ag
0Z column, the rest of the off-gases 
will continue passing through the column, and the Ag0Z at the end of the column will be 
exposed to these gases until the whole column is saturated. The exposure time could be up 
6 months depending on the dimensions of the column. Therefore, the aging effect and 
mechanism must be determined. 
  
Figure 7-1. Demonstration of the aging process of a AgZ adsorption column in off-gases.  
 
Even though the co-adsorption of I2 and H2O and the deactivation of Ag
0Z in humid 
air for short periods were studied in this work, long-term aging in gas streams including 
NO and NO2 have not been adequately addressed. Previous studies have shown that the 
presence of NOx had a significant effect on the capacity of Ag0Z.79, 84-85, 92, 94, 96, 159-160 For 
example, Ag0Z loses more than 90% of I2 adsorption capacity when treated in a gas flow 
of 1% NO and 2% NO2 for 1 month. However, the mechanisms of Ag
0Z deactivation in 
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NO and NO2 are not clear yet. Understanding the mechanism of Ag
0Z deactivation in NOx 
is important for off-gas treatment system design and modification of the adsorbents to 
resolve the deactivation problems.  
7.2. Organic Iodides Capture 
In addition to the molecular iodine and methyl iodide which have been extensively 
studied in previous work, off-gas streams may also contain other organic iodides including 
both short chain and long chain alkyl iodides. These organic iodides were referred as 
penetrating gases because they were found difficult to be adsorbed by the adsorbent 
columns. According to report by Bruffey et al.,161 which comprehensively summarized the 
information from previous studies on the organic iodides released during the nuclear fuel 
reprocessing process, the organic iodides potentially presented in the off-gases were mainly 
alkyl iodides ranged from C1 iodide to C12 iodide. Among these, iodododecane (C12 iodide) 
could be most abundant organic form. In addition, these organic iodides will be mainly 
released into the vessel off-gases (VOG) at very low concentrations, ranging from 10 to 
100 ppb. The low concentration also enlarges the difficulty in iodine capturing since the 
adsorption rate will be very low, resulting in a long-time aging of the adsorbent and a long 
saturation zone in the adsorption column.  
For far, there are very few studies done on the adsorption of these organic iodides 
in VOG. The performance of adsorbents, adsorption mechanism and kinetics, as well as 
the effect of temperature and other co-adsorbing gases, are not clear yet. Therefore, future 
work should include a systematical study on adsorption of these organic iodides.   
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Notation 
 
Ca   Macropore gas concentration, mol/cm
3 
Cb   Gas concentration in bulk phase, g/cm
3 
Ci   Micropore gas concentration, mol/cm
3 
Csa   Macropore adsorbed gas concentration, mol/cm
3 
Csi   Micropore adsorbed gas concentration, mol/cm
3 
Da   Macropore diffusivity, cm
2/s 
Da’   Macropore effective diffusivity, cm2/s 
Di   Micropore diffusivity, cm
2/s 
Di’   Micropore effective diffusivity, cm2/s 
DP   Dew point, oC 
Ha  Henry’s law constant for macropore adsorption, cm3/cm3 
Hi  Henry’s law constant for micropore adsorption, cm3/cm3 
kf   External gas film mass transfer coefficient, cm/s 
kLDF   Mass transfer coefficient of linear driving force model, time
-1  
MAB   Average molecular weight of water and air, g/mol 
n   Number of micropheres per unite macrosphere volume 
Ndegen   Scattering path   
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P   Pressure, bar 
q   Total uptake at time t, g/g 
qe   Total uptake at equilibrium, g/g  
ra   Distance from macrosphere center, cm 
ri   Distance from microsphere center, cm 
Ra   Macrosphere radius, cm 
Ri   Microsphere radius, cm 
S   Surface area, m2/g 
Sa   Macropore surface area in Eq.1 and Eq.4, cm
2/cm3 
Si   Micropore surface area in Eq.2 and Eq.5, cm
2/cm3 
t   Time  
T   Temperature, K 
Ui   Initial factional uptake rate, hr
-1 
vi   Micropore volume, cm³/g 
ρp   Bulk density of pellet, g/cm3  
ν   Atomic diffusion volume in Eq. 21 
εp   Porosity of pellet 
εa   Macropore porosity 
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εi   Micropore porosity 
σ2i   Relative mean square displacement of the scattering element  
ΔE0 energy shift of the photoelectron 
ΔRi  Change in Reff  
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Abbreviations 
AgZ,   silver-exchanged mordenite;   
Ag0Z,   reduced silver-exchanged mordenite;   
CFR,   Code of Federal Regulations; 
d-PDF / PDF,   (differential)-Pair Distribution Function;  
DOE,   Department of Energy; 
DOG,   Dissolver off-gas; 
DF,   decontamination factor- the ratio between initial and final radioactivity following a  
separation; 
EPA,   Environment Protection Agency; 
EXAFS,   extended x-ray absorption fine structure;  
FCR&D,   Fuel Cycle Research and Development; 
LEL,   lower explosive limit; 
ICP-OES;   inductively coupled plasma optical emission spectrometer; 
NRC:   Nuclear Regulatory Commission; 
ppmv,   parts per million by volume;   
SEM-EDX,   scanning electron microscopy- dispersive x-ray spectroscopy; 
VOG,  Vessel off-gas 
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XAFS,   x-ray absorption fine structure;   
XANES,   x-ray absorption near edge spectrum; 
XPS;   x-ray photoelectron spectroscopy 
XRD;   x-ray diffraction 
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